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The  objective  of  this  program  is  to  develop  the  capability  of  titanium  gears  to  sustain  126  million 
repetitive  stress  cycles  at  a  surface  contact  stress  of  132,  000  psi  (based  on  steel  modulus  of  elas¬ 
ticity.  The  achievement  of  this  goal  will  make  titanium  gears  significantly  attractive  for  the  1975 
time  period. 

Optimum  titanium  material  composition  was  selected  to  provide  desirable  strength  properties  and 
compatibility  to  the  selected  surface  coating  system.  Plated  surface  coatings,  bonding  techniques, 
heat  treat  processes,  and  surface  lubrication  coatings  were  investigated  to  provide  an  optimum  sys¬ 
tem  which  would  withstand  the  scheduled  test  requirements.  Iron-plated  coatings  which  were  diffu¬ 
sion  bonded  to  the  titanium  core  and  then  cartonitrided  to  provide  surface  hardness  were  selected  as 
the  most  promising  system. 

Test  specimens  were  fabricated  and  tested  or.  the  Tribometer  to  evaluate  the  surface  durability  and 
resistance  to  scoring.  Additional  specimens  were  tested  on  '.he  three-ball-and-cone  rigs  to  evaluate 
pitting  fatigue  life  under  high  Hertzian  rolling  contact  loads. 

Three  sets  of  test  gears  were  designed  and  manufactured  utilizing  the  developed  system.  Experi¬ 
mental  evaluation  of  the  test  gears  estaolished  their  107  cycle  surface  contact  fatigue  strength 
(based  on  steel  modulus  of  elasticity)  at:  Phase  I  96,  000  psi  Phase  II  120,  000  psi  Phase  III 
152,  000  psi. 

Secondary  goals  of  oil  starvation,  oil  contamination,  and  full-scale  endurance  tests  were  not  accom¬ 
plished  in  order  that  process  development  could  be  continued  to  improve  the  small  scale  gear  strength. 
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Pattersou  Air  Force  Base,  Ohio.  Mr.  M.  P.  Wannemacher,  (AFAPL/TBP)  was  Project 
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Mr.  R.  A.  Hirsch,  Section  Chief,  Mechanical  Technologies,  was  Program  Manager  at  DDA 
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J.  A,  Burger,  J.  F.  Kildsig,  L.  W.  McBride,  Q.  O,  Shockley,  P.  L.  Colcord,  F.  K.  Lea, 
and  M.  R.  Chaplin. 

This  report  covers  the  development  of  coated  titanium  gears  from  February  2,  1970  to 
September  i,  1972,  and  is  assigned  DDA  supplementary  report  number  EDR  7326. 

This  report  was  submitted  by  the  author  December  1972.  Publication  of  this  report  do  not 
constitute  Air  Force  approval  of  the  reports  findings  or  conclusions.  It  is  published  only  for 
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ABSTRACT 


The  objective  of  this  program  was  to  develop  the  capability  of  titanium  gears,  to  sustain  126 
million  repetitive  stress  cycles  at  a  surface  contact  stress  of  132,  000  psi  (based  on  steel 
modulus  of  elasticity).  The  achievement  of  this  goal  will  make  titanium  gears  significantly 
alii  uct’ve  for  the  1975  time  period. 

Optimum  titanium  material  composition  was  selected  to  provide  desirable  strength  properties 
am1  compatibility  to  the  selected  surface  coating  system.  Plated  surface  coatings,  bonding 
techniques,  heat  treat  pr  ocesses,  and  surface  lubrication  coatings  were  investigated  to  pro¬ 
vide  an  optimum  system  which  world  withstand  the  scheduled  test  requirements.  Iron-plated 
coatings  which  were  diffusion  bonded  to  the  titanium  core  a"d  then  caroonitrided  to  provide 
surface  hardness  were  selected  as  the  most  promising  system. 

Test  specimens  were  fabricated  and  tested  on  the  Tribometer  to  evaluate  the  surface  durao  .lity 
and  resistance  to  -•coring.  Additional  specimens  were  tested  on  the  ihr  ce-fcail-ano-cone  rigs 
to  evaluate  pitting  fatigue  life  under  high  Hertzian  rolling  contact  loads. 

Three  sets  of  test  gears  were  designed  and  manufactured  utilizing  the  developed  system.  Ex- 
perimental  evaluation  of  the  test  gears  established  their  1 0  cycle  surface  contact  fatigue 
strength  (based  on  steel  modulus  of  elasticity)  at: 

•  Phase  I  96,  000  psi 

•  Phase  II  120,  000  psi 

•  Phase  III  152,  000  psi 

Secondary  goals  of  oil  starvation,  oil  contamination,  and  full-scale  endurance  tests  were  not 
accomplished  in  order  that  process  development  could  be  continued  to  improve  the  smail -scale 
gear  strength. 
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SECT1QX  I 

DCTRODUCTIOX 


Future  tedusolo^'  has  established  the  aeed  to  consider  the  weight  savings  that  could  be  achieved 

if  high  strength -to- weight  ratio  materials  could  be  used  in  aircraft  gear  applications.  The 

weight  advantage  and  versatility  of  titanium  establishes  it  as  a  desirable  gear  material  if  its 

fnfitaf*  surfaces  could  be  cooditicred  ic  withstand  the  high  emit  loading  required  for  gear  teeth. 

Prior  Military  funded  projects  since  1954  have  advanced  the  potential  of  satisfactory  operation 

of  titanium  gears  up  to  the  operating  level  of  approximately  112,  OOC-psi  hertzian  contact  stress. 

Present  hardened  steel  gears  have  a  comparable  stress  capability  between  180, 000  to  242, 000 
7 

psi  at  10  cycles. 

Detroit  Diesel  Allison  (DDA)  has  completed  a  30-month  development  program  in  which  iron 
coated  gears  were  developed  ana  tested  on  a  Ryder  gear  test  rig.  The  program  was  divided 
into  three  phases  with  the  concluding  test  gears  achieving  a  stress  level  of  !32,  COO -psi  hertzian 
contact  stress. 

The  success  of  ihis  program  presents  a  technological  advancement  toward  the  ultimate  goal  of 
replacing  steel  gears  with  reduced  weight  components. 
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SECTK5X  H 


TECB5XECAL  DSSCLSSBOK 


TfTAXItfM  ALLOY  SELECTED* 

Published  inform  ztioc  rdgted  So  tine  use  »  titanism  alleys  as  a  gear  mzseri.il  revealed  t&e  jss- 
pOTtasiice  add  necessity  for  a  SoilabEe  cceEbmasiiaci  off  a  high  strength  bas*  alloy,  and  Che  coosmg 
system.  TLt  selection  off  else  titanium  alloy  had  to  he  capable  off  develoomg  base  metal  streagsh 
properties  and  at  the  same  time  the  heat  treatments  required  for  these  properties  mast  be 
compatible  with  the  processing  parameters  for  applying  the  coating  sy stem. 

The  design  crLeria  used  for  selecting  a  titanium  gear  allay  was  similar  to  the  selection  process 
used  few  carburized  and/or  nitrided  steel  gears:  since  the  reqsairemeaes  for  the  titanium  ma¬ 
terial  should  be  very  similar  to  that  of  the  steel  gear  material.  Both  require  a  high  yield 
strength  wrtrr  gooc  fatigue  life  to  resist  excessive  toacn  rending. 


It  was  preferable  that  the  titanium  gear  cor?  material  exhibit  a  hardness  of  Rc34  minimum  to 
reduce  the  hardness  gradient  between  coating  and  core  and  to  preseas  a  core  relationship  simt  - 
lar  to  that  of  steel  gears. 


The  titanium  material  was  required  to  have  good  hcrdesability  and  provide  adequate  Strength 
for  coating  support  regardless  of  section  size. 

The  proposed  surface  hardening  procedure  and  optimum  core  property  development  tempera¬ 
ture  should  be  compatible. 

The  ability  of  the  alloy  to  accept  the  coating  was  believed  to  be  of  paramount  importance;  how¬ 
ever,  in  the  selection  of  a  titanium  alloy  there  appeared  to  be  no  great  difference  in  coatability 
of  the  materials  considered.  Other  properties  that  could  influence  material  selection  are 
density,  modulus  of  elasticity,  Poisson's  ratio,  and  thermal  conductivity. 

After  considering  the  basic  requirements  for  a  titanium  gear  material,  it  becomes  apparent 
that  the  alloys  closest  to  meeting  these  requirements  are  the  high  strength  alpha-beta  titanium 
alloys  such  as: 

•  Ti  6A1-4V  (A MS-4928)  •  Ti  6Al-2Sn-4Zr-6Mo 

•  Ti  6Al-6V-2Sn  (AMS-497!)  •  Ti  6Al-57.r-4Mo-lCu-0.2Si  (IMI  Ti  700) 

(EMS-59030) 

Composition  of  these  alloys  is  shown  in  Table  I. 
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^ rs. 

Cot=sk»iEmjc  percecs  by  witzgbz 


EEesnerea 

Te  6-2-4-®' 

Tn  ®-4~ 

Te  6-5-2* 

EMS-S203S* 

IMS  705 

3,  3-5,  3 

S.  SO-:.  "S 

5.  00-®.  ©0 

5.  ©0-7.  ©0 

Xifs 

1.8-2.  2 

— 

50-2.  50 

... 

ZinrccEnsE 

3. 6-4. 4 

— 

--- 

4.S0-5.00 

JloirodieEEssa 

5.  6-6.  3 

— 

... 

3.00-3.  5® 

Vamadbam 

— 

3.50-4.50 

5.  ffi©-S.  ©G 

— 

Cooper 

— 

... 

0.25-1.00 

®.  50- ».  50 

Ire-i 

0.  55  max 

0.30  max 

0.  ‘*5-1.00 

0.  20  max 

-meets 

— 

— 

©.  50-0. 50 

Caraoo 

C.  04  max 

0.  SO 

C.  ®S  max 

0.  !5  max 

0.  10  SW52 

0.  20  EXE 

0.  "*0  max 

— 

Kittoges 

0.  02  max 

C.05  max 

0.  04  max 

... 

Hydrogen 

0.  0:5  max 

0.  C525  max 

0.  ©S3  max 

0.  0:3  max 

Cteser  elements  — 

0.  4©  max 

0. 40  max 

— 

Titasuam 

Remainder 

Remainder 

Remainder 

Remainder 

*Ti  SAi-2Ss-4Zr-6Iilo 
i£Ti  6A1-4V  (A  MS-4923) 

*Ti  6Al-®V-2Sn  (AMS-4971) 

*Ti  6Ai-5Zr-4Mo- !Cu-0.  2Si 
(IMI  700)  (EMS- 59030) 

These  materials  exhibited  ultimate  strengths  of  HO,  000  to  100,000  psi  in  the  solution  treated 
and  190,  000  to  200,  000  in  the  aged  condition. 

The  coatability  of  the  listed  alloys  is  essentially  the  sa.  . however,  the  compatibility  of  the 
base  metal  heat  treatment  and  coating  heat  treatment  can  vary  and  is  of  great  impo  tance.  If 
the  alloy  is  to  be  used  in  the  solution  heat  treated  and  aged  <  ondition,  then  the  greatest  flexibility 
and  strength  response  can  be  achieved  with  the  alloys  that  a*e  capable  of  being  air-cooled  from 
the  solution  treating  temperature.  This  would  allow  a  marriage  of  the  solution  heat  treatment 
and  coating  thermal  treatments  without  the  need  for  an  integral  rapid  qrench  facility..  It  also 
minimized  distortion  and  residual  stresses  caused  by  rapid  quenching.  With  such  a  material  a 
selected  coating  treatment  in  the  range  of  1550  to  1650'F  would  also  serve  as  the  solution  treat¬ 
ment  of  the  titanium  alloy:  any  treatment  below  1 100',  ;.  e. ,  nitriding,  could  be  done  within  the 
aging  treatment  or  after  the  aging  treatment. 


4 


A  eaetfrartsae  sff  itffiSile  properties  ts  sfeawts  *a  Figcres  I  ajrf  2  wfeficrs  s&smt  tisad  true-  iir-<rio£«f 
allows  fall  into  a  respcrtafisle  ssreggsfe  rasge.  Tie  air-cooSetJ  TS  SAl-25a-4Zr-SM©  ->-»** 
cooief  fill  TS  “00  <&welop  raBTirra-^f  JSntgggfes  of  ITS.  30®  psi  or  te  a£  roots  tessperaSBr*-.  £g 
tera.  Ebe  fa&rgcae  jss-apesraes  as  sfosvsa  ke  Figart  3  Esaiscrtft  tBaas  there  ts  rery  BirtE*-  uStgeregce  ete 
sac  ffasl^ee  ssreagsi  off  she  teaser  «^stggft*a£  anai  air-eoolswE  Fe  £AI-25ts-4Zr-5Mio  aaaS  Oil!  Tt  TOO. 
As  s&Barn,  fetefe  off  these  allays  hare  scfegeaesSialEx  higher  fatEgce  strengths  Te  SAS-4V  <oe 
Ta  &A1-«Y-2Ss_ 


m  at  ar  *  a 

>m»Kjnirt  : 

**I'  *  laws  trt  a  it*  sniinoiT  taet  *nr  *^rf 
amdnoT, 


All  alloys  are  sa  *.rjtr  -zsc. 
treated  aod  aged  ©owcst  s«irr__ 


7326-2 


Figure  1.  Comparison  of  mininnm  tessie  ultimate  strengths  at  various  temperatares. 


All  alloys  are  in  ‘he  solution 
treated  and  aged  condition. 
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Figure  2.  Comparison  of  minimum  0. 2T  yield  strengths  at  various  temperatures. 
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srfc?tsaen2S  Swai  oeSy  s&eoeraSessc  os  c&ensanaJ  gggrryffiffgyag.  Is  conssaarisg  tSbfcse  prac^ati^  Sor 
Ts  gAI-2Sc-4Zr-<?SEo  aarf  SJII  Ta  TO?  t-awe  as  essescaallry  Terr  iescle  <4aSTer«nc*-. 


MUr  Bieicr 


as  ^ 

•aterapetti! 


tslnotst  hi?  7^6-4 

Figure  3.  Comparison  of  107 
fatigue  strength. 
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Figure  4.  Fatigue  strength  vs  section 
thickness  and  hardenability. 
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Tie  <wra£EsaS  cotateac  of  rrssr'idBrg  a.  -mean  *;Rrf3*re  ?cr  titaiSBrrr.  grant  snrhsdtd  thr  osgi 
’"■•~v~vr  ©oar  tings  based  ctwts  tie  «dep3iS2E£iBis  «f  refru«tE-u>ry  and  banditnsag  agerts  se  me®.  and 
satteS  sBasraces,  «.  g, . 


re  -  C 

Jis  -  C 

re  -  S 

K»  -  TnC 

re  -  nC 

>•  -  BS 

Fe  -  PA 

Ji*  -  5 

re  -  H 

re  -  >t 

Prenoss  rori  had  jaditajed  a  casous:}  for  aaph  saj  thin  coytings  6tss  than  j  mils)  of  these 
saieruls.  As  the  gear  design  pwr.scc  of  the  program  derekped,  henrever,  a  finished  hare 
coating  thickness  of  12-  13  mils  was  specified  for  gear  surfaces,  it  sw.  became  evident  that 
these  ’’dirty'  electrode-posits  of  iron  and  nickel  ironic  not  be  sats^fanory  The  nametailic  in¬ 
clusions  promoted  nodular  and  porous  deposits  a^ter  a  fear  mils  of  plating  and  could  not  pronce 
a  dense,  high  strength  structure  suitable  for  the  gc  -.rs  as  more  material  uras  deposited. 

The  hard  surface  coating  systems  selected  or.  the  basis  of  their  potential  for  development  into 
satisfactory  g<  ar  surface  materials  -were: 

•  Electroless  nickel  (GM  Nichem) 

•  E  led  r  ©deposited  iron-nickel  (hardened) 

•  KJectrodepc-sited  iron  (hardened) 
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Ptratir  c®  feas  priaigrum,  £201%  fcw£  giantaatcafclln-  hgtik^nanirf  »  fee  aptpSasanisu:  <o£  fee  too*  pihsi*- 
~6»sns»cf,  e&«C?.3&fcS*  aartorf  gtanflaup*  S®  *ff  iftmm.  aESw  surfecres.  Yias  *30»t-rt*innt  was  2m=xfei£ 
t®  cijactnf  feaalcafcSfeKS  apgtouf  iws  Bhcs,  <r?  Ssaiiiws.  sgfiirafc*.  ara£  getr  ctoefEtusuCMm*.  Thus 
Mtfenartgiifr  ±&B5‘  bxut  i**sn  instif  as*  a  ss>tfeiw£  Sac  garo'rar&rg  a  secifferj  2g-*nr  £»  ptre-sa- 

mcaon:  fee  umpfi yrsng  .sciber  iiscrfitrf:  ©aaEarifS  5®  CEaasara  a££®r  *jrfwi«. 

Tie  *«srimi?xe-  fisc  usofcrersg  GM  SSciesa  cacsafi:  *?  af  uferasimt'  wee  bSastE.-'-tj'  few-  UEanssas.  alii-?  »ur- 
fj«re  wri  <r Stare,  feat-  jrc  ssEtteam  carfeafit  aart  rraeaeg^asg.  af  fee  wee  area-rie  Ea.  fee  gs-hecuj  aafe 
■jrefe  affi  aspS&ttf  £KC  euinrent  fee  fee  atseeaS  rw®  t®  fesee  anaute*.  Tie  pfiaserf  asrearJe  as  fees;  ittaz 
treacetf  »ae  -raicuim  ae  S®®f5‘5‘  fee  feuse  ?»Aars. 

Tsaa  rayr-f-1  4®.  2  t®  <SL3  rmsiis^  ;sc'a>iiate;£  a»  feas  geaeeee  are  isweabSe  after  pracerr  jirerrseiee  a* 
i  iaft  fee  fee  ssppCiranfei*:  atf  at:  *e  e Sert rorSepaissn e£  eaaeeetals.  Thacker-  cancaags  pradisr*!  es. 
fee  same  ciuirare-r  iarre  a  ranfeess  atf  He33  t®  3®  sue  are  ga*crt  caafae^wa.  ceeresaute,  and  wear- 
resistant  dCKieir^ps.  lies*  e&terrogess  racker  cesassgs  *12  te  afiaeec  t®  nance  gowd  surface 
fsras&es  ar  fenr-knesses  ref  to  feree  «se  four-  rrfes.  Thacker-  snoaezsgs  car.  a*.  finssir.  grooar  :<r  sere 
pincr  g  pcocedisres  sarr.fear  1®  fesetse  used  fee  fs.t31.sa  grindh-g  -Lard  cgraimaurrr:.  -depwssts. 

Tie  Gl>£  hftiem.  riUssng  se.ee  ess  was  used  foe  aaph&ng  owatrug  fesarkne-sses  ®c  up  t®  24  safes  t® 
test  soeesmer-s.  Boodfeg  t®  tie  tgasasss  alS®?  was  at cocrptcsbec  3?  a  racom  sear,  trear.merr. 
as  !{W’F,  felfensec  ir?  >  ssow  tw®5  '*>  rest  tttstseratsre.  Tfess  pcort-SEre  peerrec  asot-staase  fee 
fee  Trar-^cteeer  anti  feree  -  sail  -  anc  -  r-oce  test  specrers  aoc  rttsriec  srt  surface  .-artacetsses  c€ 
Kc33  to  i?  Jttr  f*rai  gm canj_ 

i-oemicail?  processed  test  gear  toots  stsriaces  oenelogx-c  teerraa!  .rat  ts  tsarsng  the  pwasciff-wsioc; 
tooksg  or  daring  ssfesectess  final  grinding  operations. 

The  i-se  of  glass  bead  peemng  was  implemented  to  induce  compress :ve  surface  stresses  and 
thereby  reduce  "he  cracking  fendenc>  of  the  hichem  plate.  Glass  bead  feemsg  was  used  sub¬ 
sequent  to  the  elevated  temperature  diffusion  cycle  <  1  (W>0 ' 1 )  and  subsequent  to  each  grind 
operation.  Although  glass  bead  peening  measurably  reduced  the  cracking  tendency,  tne  condi¬ 
tion  could  *>o:  be  eliminated.  Because  of  this  condition,  further  he<  v-.  \ichcir.  p.ate  de-.  elop- 
ment  on  gears  was  suspended.  Furthermore,  in  the  initial  efforts  to  bond  iron  and  iron-r.ickel 
eJectrodeposits  to  the  titanium  allo>  test  specimens,  an  electroless  nickes  coating  0.  1  to  0.  2 
rr.’!  “hick  was  used.  The  thin  Nichem  coatings,  processed  and  vacuum  h*at  treated  (as  pre¬ 
vious!  -  dcscrii*  u)  were  light  1?  fine  grit  wet  blasted  and  elect rochemtcall?  activated  prior  to 
in»mersion  ir,  the  iron  and  iron -nickel  plating  solutions.  Tl  system  worked  well  until  the 
righfr  ••  rr.p  r/urt  heat  treatments  -irC  r^pid  quern  lies  were  used.  V  this  time  it  was  learned 
tha’  *n«  diffused  Nicnerr  would  not  withstand  the  thermal  shocks. 
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reSatireinr  goof  suresgts.  fe  es  aiso  pctsssirSe  to  b«5  treat  eJetcr  oe/crpossrtert1  srce  arr£  proraoe 
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Figure  5.  Iron-nickel  alloy  segregation  in  tooth  flank. 


FUgare  6.  Small  vokame  tank. 


Bessfes  of  »-jrk  c<ic:p!««:,  wiile  u  or.  plats. eg  virsaa  ge^r  codi|er2iE<rs,  lec  to  ibe  ccrxiasioa 
tsa  «cc«Kibfe  tsiforr.  thick  woo6i:s  of  iron  cad.  or  iros-side!  coasu  rert  imk  -tismablr  on 
gear  '  "«b  by  ordinary  plating  procedure  a.  .As  a  result  of  this  obsen  aios,  thre<:  different 
technic. ,  es  for  plii-sg  ’.be  gear s  were  explored  as  follows : 

•  Use  a  large  tank  where  the  a.. odes  ear.  It-  located  at  cor.Sicerai.le  distances  front  the  sur¬ 
faces  to  be  plated. 

•  Use  various  masking  fixtures  designed  to  aid  in  equalizing  the  plating  distribution  over  the 
gear  surfaces. 

•  Use  insoluble  auxiliary  anodes  located  near  the  gear  root  surfaces. 

Since  plating  accomplished  m  small  volu;..e  plating  tank  had  demonstrated  unsatisfactory 
"throwing  power"  to  plate  into  recessed  surface  areas  of  the  gear  teeth,  it  was  decided  to  try 
a  large  volume  tank  where  the  diode  to  cathode  distance  would  be  relatively  large  m  compari¬ 
son  to  tnai  obtained  in  the  small  volume  baths. 

The  enlarged  p’atir.g  system  .->hown  m  Figure  7  consists  of  JOO  gal  polypropylene  hr.ed  tank 
with  an  acid  resistant  pump  and  filter  unit.  Four  thermostatically  controlled  electric  quartz 
immersion  'neat*  rs  maintain  soldior  -cmp<  r,:;jn  .mu  the  unit  is  eqjipp«  .  with  an  oscillating 
rod  cathode  agitator  ano  impeller  solution  agit..:io-. 
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Toe  surface  of  the  solsSioc  is  covered  Tith  polypr  oer.  lene  balls  to  reduce  evaporation  and 
thermal  losses. 


The  tank  tss  filled  rta  GM8  Iron  Plating  Solutia.  (L'.S.  Patent  3, 404,  074)  which  is  nominally 
as  follows: 


Ferrous  chloride 
Ferrous  iron 
Disperses**  additive 
PH 

Temperature 

Anodes 


465  gm/l 
205  gm/l 
I  gm/l 
0.  5 
190eF 

Armce  iron 


It  was  believed  that  the  greater  anode  to  cathode  distances  obtainable  in  the  large  tank  system 
wejid  equalize  the  plate  thickness  over  the  gear  surfaces.  While  there  was  some  small  im¬ 
provement  as  compared  to  the  small  tank  plated  gears,  the  plating  distribution  was  considered 
to  be  unsatisfactory.  A  PR  (periodic  current  reversal)  control  unit  was  added  to  the  plating 
current  s;.s*em  and  periodic  reversal  current  procedures  were  tried  without  any  appreciable 
improvement  m  gating  distribution  being  noted.  It  was  hoped  that  PR  processing  would  reduce 
the  excess  plate  from  the  pitch  hne  outward  while  at  the  same  time  permitting  greater  deposi¬ 
tion  in  the  gear  root  area  . 


wjrj  wpw^HFF* 


Auxiliary'  anode  plating  fc-asibilir  was  tested  by  fabricating  a  fixture.  Figure  8  which  provided 
the  auxiliary  anoding  on  a  gear  segment.  Insoluble  auxiliary  anodes  were  fabricated  from 
platinum  pins  placed  parallel  to  the  root  surfaces  1/8  in.  from  the  root  surfaces.  Addition  of 
the  auxiliary  anodes  appeared  *.o  provide  additional  plate  to  the  root  surfaces  and  was  deemed 
sufficiently  promising  to  warrant  additional  testing.. 

By  varing  the  anode  to  root  distances,  plate  depths  of  0.  008  to  0.  021  in.  were  obtained. 
Although  auxi.’ia’y  insoluble  anodes  were  found  to  be  helpful  in  depositing  iron  in  the  gear  root 
areas,  use  of  the  fixture  was  found  to  be  'oo  difficult  to  control.  As  the  plate  depth  built  up, 
one  or  more  of  the  anodes  would  short  out  due  to  misalignment  or  more  rapid  deposition  in  the 
immediate  area  causing  the  whole  auxiliary  anode  unit  to  malfunction  and  cease  plating  in  the 
root  area.  For  these  reasons  the  use  of  auxiliary  anodes  for  this  application  was  deemed  un¬ 
usable. 

At  this  stage  cf  pi  ting  development,  the  difficulty  preventing  attainment  of  a  satisfact  _>ry 
plated  gear  w^s  lack  of  sufficient  plating  thickness  in  ihe  root  area  of  the  gear.  Up  io  this 
time  all  plated  gears  nad  .hown  excessive  build-up  frozn  the  pitch  line  outward  winch  resulted 
in  large  nodules  at  the  Oil  o:  the  gear  teeth.  While  this  was  occurring  the  gear  i  oot  surfaces 
were  still  deficient  in  plating  thickness.  Extended  plating  time,  up  to  32  hr,  v.  as  of  little  help, 
since  the  nodules  grew  larger  with  little  improvement  in  root  plate  thickness.  It  was  concluded 
tnat  the  formulation  of  the  large  nodules  was  the  principle  ’eason  for  the  d<  fide,  .  phaing  thick¬ 
ness  being  obtained  in  the  root  a^ea  due  to  the  fact  that  the  nodules  were  s<  . ,  ing  to  shield  and 
rob  the  rest  of  the  gear  during  the  plating  cycle.  To  remedy  this  situat  ion,  it  was  decided  to 
use  the  "through -the -window"  plating  principle. 


Figure  8.  Auxiliary  anode  (.  hting  fixture. 
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Several  through-the-window  plating  masks  and  fixtures  were  built  and  tested.  The  first  one 
was  fabricated  from  filled  silicone  rubber  and  was  made  to  fit  and  plate  a  36  tooth  gear.  This 
mask.  Figure  9  was  fabricated  so  that  the  effective  window  location  was  centered  over  the  gear 
tooth  space  with  0. 125  in.  clearance  above  th»  root  surfaces.  Plating  accomplished  with  this 
mask  was  more  uniform  in  plate  thickness  than  was  obtainable  by  prior  methoas.  The  plate 
depth  at  the  tooth  pitch  line  of  0.  022  in.  resulted  in  a  plate  depth  of  0.  0’  1  in.  at  the  root  in  a 
24  hr  plating  period. 

The  second  mask  was  fabricated  from  Micarta  to  fit  a  21  tooth  gear.  This  mask  was  designed 
similar  to  the  rubber  mask  except  the  effective  window  opening  was  located  with  0.  188  in. 
clearance  above  the  root  surfaces. 

Gears  plated  with  this  mask  were  unsatisfactory  because  most  of  the  plating  occurred  on  the 
upper  half  of  the  teeth  while  very  little  pLte  was  deposited  on  the  root  surfaces.  Results  of 
the  test  indicated  the  effective  window  opening  was  too  far  away  from  the  root  surface. 

The  third  mask.  Figure  10,  was  fabricated  from  Micarta  with  21  gear  tooth  form  spaces  which 
provide  0.  070  in.  clearance  with  the  gear  teeth.  The  window  openings  were  again  located  just 
opposite  the  root  fillet  area.  Plating  with  this  mask  was  unsuccessful  because  the  clearances 
were  too  close,  allowing  plating  buildup  to  contact  the  maSK  and  made  it  difficult  to  remove 
the  gear  from  the  mask. 


Figure  9.  Silicone  rubber  plating  mask. 
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Figure  10.  Micarta  mask  with  gear  tooth  form  spaces. 


The  fourth  mask  was  fabricated  from  Micarta  to  fit  a  21  tooth  gear.  The  mask  differed  from 
the  previous  ones  in  that  the  effective  window  openings  are  I ocated  beyond  the  OD  of  the  gear. 

The  window  slots  of  this  mask  were  much  longer  than  those  of  the  previous  masks.  Several 
plating  runs  were  made  with  inis  mask  with  the  slot  openings  ranging  from  full  open  to  very 
small  openings.  The  mask  side  opening  vents  were  also  varied  in  size  to  determine  proper 
size  necessary  to  produce  the  desired  web  plate  thickness.  Figure  11  shows  this  mask  and 
Figure  12  the  optimum  gear  plated  with  restricted  slot  openings  with  0.010-in,  plate  thickness. 

The  fifth  Micarta  mask  was  fabricated  using  the  design  configurations  found  to  be  most  success¬ 
ful  when  using  the  adjustable  slot  mask. 

Figure  13  shows  the  mask  and  Figure  14  the  optimum  gear  plated  with  0.  015  in,  min  plate 
thickness. 

The  sixth  and  final  mask  which  incorporates  the  optimum  features  of  the  earlier  development 
masks  is  shown  in  Figure  15  and  the  optimum  plated  n  ask.  The  final  optimum  gear  with  0.  018 
in.  min  plate  thickness  is  shown  in  T  gure  16. 

Platin^  procedu'  j  and  parameters  were  as  follows: 

1.  De,  rease 
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2_  Yaga c  fejaac  saSaratr.  easS^da-  (s**c|  amt  wsh  afkamomm. 

2.  Coftf  wucer  rtmst  ami  keep  timber  «ar  *b** .  .rrrhtfeeng  amt  astral;  yCamut  at  pfanoig  Caafe 
web  <ncrr*2T  a «r 

4.  Plhce  at  $.  5  to  7  amp  Sar  24  hr  in  GSES  Erae  FDasazg  Sciucuae  sstatg  c*o>  etmraSar  type 
anodes  as  shows s  as  Figure  IT 

3.  Sg&gMC  agitate  by  rmcacrag  osa^e  amt  gear  assembly  amt  ay  taspeESer  smStirase.  agcatosts 

5.  L'omasSk 

T.  SSater  rinse  amt  brv 


HARD  SURFACE  COAT  BOK^C. 


The  system  cf  booniog  the  hard  surface  coating  to  the  titasism  case  ccosisaed  of  tie  app&ratioc, 
of  a  strike  of  electroless  nickel  Ciicbem  trea assist)  to  tie  bare  twawii**"*  prior  to  pSasmg.  The 
bond  generated  bad  saSESciest  strength  to  withstand  lor  tempera-are  case  hardegimg  treatments. 
a«i  wish  tie  tarlasiog  of  fetter  temperature  (i.  e. ,  1550*F  or  above  amt  caeachang).  Bass-of- 
boot  failures  became  predominate.  Tie  condition  was  parsicsiarly  apparent  ce.  tie  first  fall* 
settle  set  of  Tribamettr  amt  three -bail -and -cone  specimens  manufactured.  Boot  failures  were 
observed  on  over  half  tie  Tribomeser  amt  three -bail -carte  specimens.  Tie  failures  occurred 
principally  taring  tie  carbonitriding  cycle  or  the  quench  operation. 

Titanium  samples  incorporating  a  Nicies  strike  and  iron-nickel  s  srface  coating  were  subjected 
to  a  vacuum  at  1675 *F  temperature  for  four  boars.  Examination  of  the  boot  interface  revealed 
the  diffusion  zone  to  be  narrow  with  the  Xichem  apparent!;-  acting  as  a  barrier  to  deep  diffusion. 


Microhardness  examination  revealed  a  considerable  reduction  in  hardness  of  the  zone  as  com  - 
pared  with  the  base  titanium.  It  was  recognized  that  an  improvement  might  be  obtained  by  in¬ 
creasing  the  depth  of  diffusion  penetration  since  an  increase  in  both  hardness  and  strength 
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•ntuitt  i'J  att.  «c*su6*tfc  <oir  beTaia&tnittt  &Si!Bun.  zornt.  Tar  -immBmr  -sas  asarfir  to*  acatsrgc 

aihcsuf  seat  >ft.d?-.tifasa.  of  snsta-amititE  an.  tnaKrranfciiB-*  cSfcarr.  Tb  •iAE-2B4ta--S/_r-;Etto  aJHLw. 

Saurat  Tb  •iAI-2Sr_--£Zr-*^3)it>  spittnsratns  witr*-  sattrrraraJSZh  -itaaitrfi  aru£  pfopttii  v-sa-*.  caqnj-gggfcrii. 

"STat  ^persaaess  •*t>tr<r  &3raiit*£  ametfs  Carer  <Ul£  ij  it  -cSaasa*  fbt-rar*-  r>tsui!B~3g  as  aa.  mioartMti 
^urfant  £3U>  &tgr>etts  sac  Bait  cSaasp.  Tat  sowmssK.a*  v>trw  Baita.  subjitcCitit  t®  E £13 *F  5»r  inur 
iiourri  *i  a  osarsmsa.  f-jraan.*-.  Tat  Eitasoimaimt  *t2*«ati  npir>ts«reE<tt£  Bait  issjfeitac  «&  gugsaers- 
Basnt  i-tioTT  "Jar  'a«tna  cruasus  ©tf  Bait  sEsa1?  _ 

Esaagsaacafflc-  ©f  Bait  somrsasjtais  rt-rtaJ-ti  a.  saasota..  itocrBaisaicf  ardatrirer  maacBag  *tti  Chat  SolEo®  - 

r-y  ^r  ccrci&liiSiirf, 

•  DbSssmc  s&tptS:  mts  iSicrta-Sei  b«tir<»a£  tit  p£es."t  E2Et-r£a<t<t_ 

•  ?io  aaontmaS-iit  naStntsiot  casSs:  b<t  Somant  henmes  areas  saavtcBea  to  eLtaspaasg  aar£  ae^aces: 
areas  Sef:  be  Bat-  free  SBsBe. 

•  Both.  csSsswz  ebx©  Brat  Breast  an  assrc  bade.  csfEESBoe.  *sco  Bbe  :rocs  -  aackeS  -mas  accocspiiisfeec. 

•  DsSsStois  ant  sa.  Errors* rdaieSo  «i>  bs.  Brae  Sc35  rarege  n~-«r-r  UiS  a.  cocSsoeraibife  Hraptrcrressean 
over  trse  prercoias  ciffESBoe  zonae  bareness  of  Rc  25-23. 

Ctemizatscr.  of  Bbe  Ccffasaoet  process  -sas  aBBeEascee  as  order  bo  ezparrc  Bre  «Eforssa^ioc  coc- 
cerrrrg  Bbe  effecBS  of  Birze  arc  BesrperaBare  on  tie  basic  ciffasioc  process. 

Test  specimens  o:  Ti  y.J.I-25r:-4Zr-5i!o  bar  SBock  zere  srasefactarM  for  bcch  iron  sad  iron- 
r.icke-  cociiaf  as  shewn  la  Figure  12. 
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Figure  18.  Plated  titanium  diffusion  test  specimens, 
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Diffusion  oepsi,  iaches,  of  iroci  trod  iroe-Ejctel 
iis  Ti  5A!-Sffl-4Zr-5Mo. 


Temperature  Time  (hr) 

Coating  (*F)  13  6 

Diffusion  depth  (inches 


Iron 

1700 

0.002 

... 

— 

1675 

0.  002 

0.  0025 

0. 0035 

1600 

0.  001 

0.002 

0.  003 

1500 

0.  0005 

0.  001 

0.  002 

1300 

Nil 

Nil 

0. 0005 

Iron -nickel 

1700 

0.  002 

_ 

_ _ 

1675 

0.  002 

0.  003 

0.  004 

1600 

0.  001 

0.  0025 

0.  003 

1500 

0. 0005 

0.  001 

0.  002 

1300 

Nil 

Nil 

0.  0005 
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Figure  19.  Vacuum  diffusion  zone. 
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5ry  a;  T-wrumm  iirac  Emt-aSasnen:  ar  ESG*J*‘5\  5o>5Iitsw.~?£  -so  a  s&o«  cioi&S  ’<&  raxoes.  i^rmperacuiint-.  Thas  pir®>- 
mn&imt-  jarawsd  &6fo$txzt£it  £esr  thst  Tr£uocn trutr  aarf  &al£-aajf-<nomt-  test  spanrsmuerss  aarf  rfcfcihad 

ex  ifurim*-  hardnit^fcs  «tf  Sc  5»  t®  K<c  a®  a&«c  finai  fr rmfigg 

&A*-g-.n<ra!!K  p«nwafcssei4  ifcK  gear  tomci  siarta*r«  de-ve&operi  thermal  crraeks  sferuag  tie  postsSiScsiiots 
ootpSa-g  «r  during  ssfosesjatrE  feral  griarttsag  ooeratKsets.. 


Tie  cs«-  of  glass-  scad  peemag  seas  impfcmerted  * »  wnasoe  compressive  sarface  stresses  asosr 
thereby  rctaacc  tie  cracking  tenberas.y  of  tic  biciem  plate.  Glass  beard  peeissrg  was  cscsr  ss&- 
senTrerr.  :ss>  tic  elevated  tenperatare  eiffvssoet  cycle  ard  sdbseoaect:  to  each  grind 

cper ssice.  ’lEthocgh  glass  head  peering  meascra  §»  redaced  the  cracking  teradecwrj,  the  cce- 
ctEtoet  codd  axe  he  eltmitratec.  tiecacse  of  this  condition,  further  heavy  Nichem  plate  develop¬ 
ment  ces  gears  ii>  suspended.  Furthermore,  is  the  initial  efforts  to  hoed  iron  and  iron- nickel 
electrodepwsits  to  the  titanium  alloy  test  specimens,  an  electroless  nickel  ca:  mg  0.  i  to  0. 2 
mi!  thick  was  used.  The  this  Xichem  coalings,  processed  and  vacuum  heal  treated  (as  pre¬ 
viously  descrihed)  vere  lightly  fine  grit  wet  blasted  and  electrochemicaiiy  activated  prior  to 
immersion  is  the  iron  and  iroci-mckel  plating  sol*n:ons.  The  system  worked  well  until  the 
higher  temperature  heat  treatments  and  rapid  quenches  were  used.  Then  a  was  learned  that 
the  diffused  Nichem  would  not  withstand  the  thermal  shocks. 


Earlier  York  by-  GM  Research  laboratories  had  determined  favor  able  processes  for  the  harden¬ 
ing  of  iron  deposits  by  suitable  heat  treatment.  Deposits  of  iron-nickei  having  good  narden- 
ability  ■acre  plated  on  the  regular  sections  of  the  Tribometer  and  three-ball-and-cone  test 
specimens.  The  typical  irregular  sections  of  gear  teeth  resulted  in  rich  deposits  of  nickel  to 
be  deposited  on  the  gear  tooth  root  areas.  Although  l^ase  I  gears  vere  processed  with  lron- 
aickel  plating,  it  was  found  that  the  nickel  rich  areas  did  not  respond  favorable  to  the  heat 
treatment  process. 

Irnase  11  and  III  gears  wen  i*on  plated,  therefore,  efforts  were  made  to  provide  optimum  heat 
treatment  for  the  iron  plated  titanium  combination.  A  renew  of  the  hea’  processes  follows. 

Nitride  1'roccss 


Attempts  to  harden  the  iron  plate  by  nitridmg  were  unsuccessful.  Nitriding  vas  attempted  at 
r*f 0  to  1100cl  arid  with  various  atmosphere  changes,  hut  suff’r:ent  surface  h.  rdness  was  not 
accomplished. 
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s'itr  purpose  <s>i  tie  Ua’s  itnymanre  has  'Sermg  was  to  tegr.srr.tzir  case  churac ge-rtscccs  is  a  range 
•»hi«i  titeuJii  uhte  pru»rsrfie  the  r-.v-Ttrs  in  <nore  strength  rsphilrties  ire  the  tmanatm  substrate. 

Si  an.  iCrist  ^b>  acinacip£rs&.  the-  casve  hardensrg  a-rfi  r etaca  the  iRa^-ri.  properties.  a  second 
amroderg  nethad  »ii  used — the  Lcrdhurg  Tudfersdifr  sak  hath  process.  Aihhcugh  thus  process 
provided  same-  improvement  m  rase  hardness.  the  increase  proved  insufficient  for  the  design 
case  enamctertSCucS  of  tire-  test  gears.  hEicrograpfes  «otf  the  Yafftride  process  are  sbxanis  is. 

S’lglBre 

Caraur-sring  Process 

Tit  necessary  redactaue.  ml  heat  treatment  temperature  to  retain  the  major  portion  of  the  core 
Strength  eiimmced  curhvriniticr  as  an  cgcimsm  candidate  nrccess.  C arborizing  oror-ides 
favorable  case  structure  and  hardness  after  processing  at  temperatures  in  excess  of  1500 *F. 

The  core  titanium  uooisi  rot  tolerate  this  processing  nit  hoot  an  additional  heat  treat  step  which 
node  sdsstantialty  reduce  case  bareness  U.  e. ,  earn  tinned  iron  comples!  and,  therefore,  was 
incompatible  Tsv.r  the  total  system  requirements. 

C ardoerr  thing  Process 

F ton  the  beginning,  the  carhocitrice  process  provided  substantial  p r.proverr. er.t  in  the  hardness 
of  iron  piate.  Initial  carbon-riding  teas  accomplished  at  1SS0*F.  The  use  of  this  temperature 
pins  a  quench  provided  optimum  case  hardness  of  Rc  35  or  higher.  Trie  !550’F  temperature, 
him  ever,  proved  incompatible  with  the  titanium  case  alloy;  strength  properties  of  the  titanium, 
were  drastically  reduced.  Reduction  of  the  temperature  to  1550‘F  proved  to  be  more  compatible 


with  the  titanwnam  gad  still  provided  the  necessary  harda-tss  in  the  case.  Following  an  oil 
qgeoch  and  tempering,  the  iron  specimens  were  Sc  55  to  57  (microbardness).  To  establish 
complete  heat  treatment  parameters  for  both  the  iron  plated  case  and  the  titanium  alloy  core, 
the  following  carbonitriding  heat  cycles  were  evaluate,  sith  results  as  shown  in  Table  IV. 

The  1550*F/2.  25  hr  cycle  was  selected  to  achieve  hard  ing  of  the  complete  iron  plate  without 
producing  excessive  carbon  at  the  iron-titanium  inter  fac  c.  Typical  microsections  are  shown 
in  Figure  23. 

The  finalized  carbonitride  process  is  as  follows: 

•  Preieat  gears  to  50G"F 

•  Carbonitride  at  1350*F/2.  25  hr: 

•  33  min —  1. 5  ft"*  propane  gas 

3 

2. 0  ft  ammonia 


Table  IV. 

Carbonitride  surface  hardness — de^h. 


Temperature 

(°F) 

Time 

(hr) 

Surface  hardness 

(R15N* 

Depth 

(in.) 

1750 

6 

89.0 

— 

1700 

6 

— 

_ 

4 

89.0 

— 

1650 

6 

90.5 

— 

4 

90.5 

— 

1600 

6 

90.5 

— 

4 

91.  0 

— 

1550 

6 

88.5 

— 

4 

90.0 

— 

3 

91.  0 

0.017 

2.  75 

91.0 

0.016 

2.5 

91.  0 

0.  016 

1550 

2.25 

91.  0 

0.  015 

2.  0 

89.  0 

0.  010 

1.5 

89.0 

0.  0085 

0.75 

88.  0 

0.  007 

1500 

6 

88.5 

... 

4 

91.  5 

— 

25 


1.5  hr  M9n 

100X 


2.0  hr 


7326-24 


Figure  23.  Typical  carbonitride  of  iron  on  titanium. 


Q 

•  90  min —  1.  0  ft  propane  gas 

3 

2.  0  ft  ammonia 

•  10  min— generator  gas 

•  Oil  quench  at  350 °F 

•  Temper  at  350°F/2  hr 

•  Air-cool  to  room  temperature 

•  Temper  at  350°F/2  hr 

This  process  produces  the  gradient  shown  in  Figure  24. 

Temper  Process 

The  effect  of  temper  on  the  case  hardness  of  iron  and  iron-nickel  is  shown  in  Tables  V  through 
IX.  The  effect  on  the  core  properties  is  shown  in  Tables  X  and  XI. 

The  finalized  process  used  on  the  final  gear  sets  was  the  2.  0-2.  25  hr  cycle  at  1550 °F  tempera¬ 
ture  followed  by  two  350°F/2  hr  temper  cycles.  The  final  properties  are  shown  in  Table  XII. 
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7326-25 

Figure  24.  Heat  treatment  hardness  gradient. 


Table  V. 

Effects  of  low  temperature  treatment  on  surface  hardness  (Risn)* 


Carbonitride 

cycle 

Oil  quench  + 

Low  temp — 

100°F/l  hr 

Temperature 

Time 

350°F/l  hr  temper 

plus  second  350°F/l  hr  temper 

(°F) 

(hr) 

Fe 

Fe+Ni 

Fe 

Fe+Ni 

1700 

6 

89 

83-84 

92-93 

91  —  91.  5 

4 

89 

81-83 

92-93 

90—90.5 

1650 

6 

90  —  91 

87-88 

92  —  92.  5 

90—91 

4 

90—91 

83.5  —  84 

92 

90—91 

1600 

6 

90  —  91 

87-88 

92  —  93 

91.  5  —  92 

4 

90  —  92 

85-86 

92  —  94 

90.  5-91 

1550 

6 

88  —  89 

89 

90—91 

90 

4 

90 

88.5  —  89 

91-93 

90.  5-91.5 

1500 

6 

88  —  88.  5 

87 

90 

89.  5  —  90 

4 

91-92 

86.5  —  87 

91-92 

90  —  91 

Table  VI. 

R  25j^  hardness  values  of  specimens  given  final  high- 


temperature  temper  treatment  of  450 °F. 


Carbonitride  cycle 

Plating 

Temper  time  (hr) 

Temperature 

(*F) 

Time 

(hr) 

2 

4 

8 

12 

16 

Hardness 

1700 

6 

Fe 

92 

01 

91.5 

91 

91 

1700 

4 

Fe 

92 

92 

91 

91 

91 

1700 

6 

Fe-Ni 

90.5 

90.5 

90 

90.5 

90 

1700 

4 

Fe-Ni 

89.5 

89.5 

90.5 

89 

90.5 

1650 

6 

Fe 

91 

91 

91.5 

90.5 

90 

1650 

4 

Fe 

92 

91.5 

90 

90 

90.5 

1650 

6 

Fe-Ni 

9C.5 

90 

90 

89.5 

89.  5 

1650 

4 

Fe-Ni 

90 

89.5 

89.5 

89 

89 

1600 

6 

Fe 

91 

91.5 

90 

90.  5 

90.5 

1600 

4 

Fe 

92 

91.5 

91 

91 

90.5 

1600 

6 

Fe-Ni 

90.5 

89.5 

89,5 

89.5 

89 

1600 

4 

Fe-Ni 

89 

89.5 

89.5 

89.5 

90.5 

1550 

6 

Fe 

89.5 

89.5 

89.5 

89.5 

89.  5 

1550 

4 

Fe 

91 

90.5 

90.5 

89.5 

90.  5 

1550 

6 

Fe-Ni 

90 

89.  5 

89.5 

89 

89.  5 

1550 

4 

Fe-Ni 

89.5 

89.5 

89.5 

89 

89.  5 

1500 

6 

Fe 

90.  5 

89.  5 

89,  , 

P.9.  5 

89.  5 

1500 

4 

Fe 

91 

92 

90.  5 

90.5 

90.5 

1500 

6 

Fe-Ni 

88.5 

88.  5 

87 

89 

88.5 

1500 

4 

Fe-Ni 

90 

89.  5 

88 

89 

39.5 

Note:  Heat  treatment  prior  to  final  temper  treatment. 

Diffuse  1600°F/3  hr  +  carbonitride  cycle  as  indicated  +  temper 
350°F/1  hr  +  -100°F/1  hr  +350°F/1  hr. 
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Table  VH, 


®15N  hardness  values  of  specimens  given  final  high- 
temperature  temper  treatment  of  550  °F. 


Carbonitride  cycle  Temper  time  (hr) 


Temperature 

(°F) 

Time 

(hr) 

Plating 

2 

4 

Hardness 

8 

1700 

6 

Fe 

89 

88.5 

88.5 

1700 

4 

Fe 

88.  5 

88.5 

89 

1700 

6 

Fe-Ni 

88 

88 

87.5 

1700 

4 

Fe-Ni 

88 

87 

87.5 

1650 

6 

Fe 

89.5 

88 

88.5 

1650 

4 

Fe 

89.5 

88.5 

88.5 

1650 

6 

Fe-Ni 

88.5 

88 

86.5 

1650 

4 

Fe-Ni 

37.5 

88 

86.5 

1600 

6 

Fe 

89 

89 

88.  5 

1600 

4 

Fe 

89.5 

89 

88 

1600 

6 

Fe-Ni 

87.5 

88 

87.5 

1600 

4 

Fe-Ni 

88 

88 

87.  5 

1550 

6 

Fe 

88.5 

88 

87.5 

1550 

4 

Fe 

89 

89 

88 

1550 

6 

Fe-Ni 

88 

87.5 

87 

1550 

4 

Fe-Ni 

88.5 

88 

87.5 

1500 

6 

Fe 

87.5 

87.  5 

88 

1500 

4 

Fe 

89.  5 

89.  5 

89 

1500 

6 

Fe-Ni 

86.  5 

86.5 

85.  5 

1500 

4 

Fe-Ni 

87.5 

86.  5 

86.  5 

Note:  Heat  treatment  prior  to  final  temper  treatment. 

Diffuse  1600°F/3  hr  +  carbonitride  cycle  as  indicated  + 
complex  temper  350°F/l  hr  +  -100°F/1  hr  +  350°F/l  hr. 


20 


Table  VUI. 

^15N  hardness  values  of  specimens  given  final  high* 
temperature  tcmoer  treatment  of  650°F,  750*F,  and  900°F, 


Carbonitride  cycle  Final  temper 


Temperature 

»°F) 

Time 

0ir> 

Plating 

6'0°F 

2  hr 

750  3F 

2  hr 

900  °F 

1  hr 

1700 

6 

Fe 

86.5 

86.5 

79.5 

*  1700 

4 

Fe 

87 

86.5 

79 

1700 

6  . 

Fe-Ni 

C5.  5 

85 

80 

1700 

4 

Fe-Ni 

85 

85 

80.5 

1650 

6’ 

Fe 

86.  5 

86.5 

79.5 

1650 

4 

Fe 

87  ' 

86 

80 

1650 

6 

Fe-Ni 

85 

85.5 

80 

1650 

4 

Fe-Ni 

84.  5 

84 

79 

1600 

6 

Fe 

86 

86 

79.5 

1600 

4 

Fe 

86.  5 

86 

80 

'  1600 

6 

Fe-Ni 

85 

85 

77.5 

1600 

4 

Fe-Ni 

86 

85.5 

79.5 

1550 

6 

Fe 

85.5 

84 

78 

1550 

4 

Fe  , 

86.  5 

86.5 

78 

1550 

6 

■Fe-Ni 

85 

84.  5 

79 

1550 

4 

Fe-Ni 

85.  5 

84 

77.5 

1550 

6 

Fe 

85 

83.  5 

77 

1500 

4 

Fe 

86.  5 

85.5 

79 

1500 

6 

Fe-Ni 

83.  5 

83 

78 

1500 

4 

Fe-Ni 

84.5 

83.  5 

78 

Note:  Heat  treatment  prior  to  final  temper  treatment. 

Diffuser  1600°F/3  hr  +  carbonitride  cycle  as  indicated  + 
complex  temper  350°F/ 1  hr  +  -100°F/l  hr  +  350°F/1  hr. 
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Table  DC. 

R  jjjj  hardness  values  of  specimens  gives  final  high- 


temperature  temper  treatment  of  500*F. 


Carbonitride  cycle  Temper  time  (hr) 


Temperature 

CF) 

Time 

(hr) 

Plating 

4 

12 

Hardness 

18 

1700 

6 

Fe 

so 

89.5 

88.5 

1700 

4 

Fe 

91 

90 

89 

1700 

6 

Fe-Ni 

89.5 

88.5 

88 

1700 

4 

Fe-Ni 

89.5 

88.5 

87.5 

1650 

6 

Fe 

90 

89.5 

88.5 

1650 

4 

Fe 

90.5 

8o.  3 

88 

1650 

6 

Fe-Ni 

89.5 

88. 5 

88 

1650 

4 

Fe-Ni 

88.5 

88 

88 

1600 

6 

Fe 

90 

90 

89 

1600 

4 

Fe 

90.5 

— 

--- 

1600 

6 

Fe-Ni 

89.  5 

88.5 

87.5 

1600 

4 

Fe-Ni 

— 

89 

88.5 

Note:  Heat  treatment  prior  to  final  temper  treatment. 
Diffuser  1600°F/3  hr  +  carbonitride  cycle  as 
indicated  +  tamper  350°F/1  hr  +  -100°F/l  hr  + 
350°F  / 1  hr. 


TafikrX. 

Tensile  properties  after  simulated  500 JF  carfeomiiride 
jgid  350  to  950*F  temper. 

Only  lie  final  temper  time 
and  temperatures  being 
varied  as  indicated. 


Temperature 

(®F) 

Time 

(hr) 

Ultimate 

strength 

(ksi) 

Yield 

strength 

(ksi) 

Elongation 

r*> 

Reduction  of  area 

r»> 

950 

2 

203.2 

184. 1 

6. 5 

11.5 

750 

2 

193.8 

169.5 

11.9 

24.8 

650 

2 

168.4 

154.8 

11.8 

25.0 

550 

12 

171.5 

163.  1 

11.0 

23.2 

550 

3 

162.6 

158.4 

14.7 

30.0 

550 

4 

151.  9 

146.7 

17.0 

30.4 

550 

2 

152.9 

144.5 

14.6 

21.  9 

500 

18 

159.5 

157.  3 

16.0 

38.5 

500 

12* 

157.  3 

153.6 

16.3 

30.2 

500 

8 

156.6 

154.8 

13.5 

23.3 

500 

4 

160.4 

154.8 

14.0 

27.0 

500 

2 

150.  1 

142.5 

19.4 

23.2 

450 

24 

151.9 

148.  9 

16.8 

33.6 

450 

18 

150.  9 

148.8 

19.7 

35.6 

450 

2 

149.3 

141.9 

16.0 

21.  7 

350 

2** 

149.  9 

138.  0 

17.6 

36.  2 

Processing 

Temperature  (*F)  Time  (hr? 

1600  3 

Slonr  cool 

1600  *!  (Simulate  carbccsitride) 

Oil  quench 
350  I 

-100  I 

350  I 

Final  temper  as  indicated 


Notes:  Hardness  values  of  specimens  below  the  line  meet  or  exceed  R  15^88 
minimum  value  for  iron  cases. 

"Optimum  cycle  for  titanium  core  strength  and  iron  case  hard. 

**No  low  temperature  treatment  (-100°F). 
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Table  XL 

Tegjale  properties  after  sirtatefti  15aO*F  carboatride 
aad  350  to  $50*F  temper. 

Processing 

Temperature  (*F)  Time  (hr) 

1550  3 

Stor  cool 

1550  5  (Simulate  caritanjfcrafe) 

Oil  quesiti. 

350  1 

-100  1 

350  1 

Final  temper  as  indicated 


Temperature 

CF) 

Time 

(hr) 

Ultimate 

strength 

(ksi) 

Yield 

strength 

(ksi) 

Elongation 

(S) 

Reduction  of  area 

V%) 

950 

2 

193.9 

167. 7 

7.  7 

8.7 

750 

2 

162.9 

147.9 

17.7 

32.6 

650 

2 

149.3 

142.7 

17.4 

28.6 

550 

8 

149.  9 

143.2 

22.1 

29.4 

550 

2 

149.3 

142.6 

16.3 

28.2 

450 

8 

149.5 

145.3 

17.1 

37.1 

450 

2 

150.3 

145.6 

15.  7 

30.3 

350 

2* 

150.3 

144.  1 

18.5 

40.0 

Note:  Hardness  values  of  specimens  below  the  line  meet  or  exceed  the  K  15^-88 
minimum  value  for  iron  cases.  Iron-nickel  values  are  1-2  points  less. 
vNo  low  temperature  treatment  (-100°F). 

SURFACE  LUBRICANT  COATINGS 

Solid  surface  lubricant  coatings  offer  a  means  of  preventing  sliding  friction  damage  during 
periods  of  limited  lubrication  or  failure  of  the  primary  lubrication  system.  The  solid  lubri¬ 
cants  are  of  great  importance  during  the  original  break-in  running  of  pear  assemblies  because 
of  their  ability  to  shear  internally  and  to  move  and  accommodate  to  surface  discrepancies. 
Furthermore,  they  are  very  adherent  to  loaded  surfaces  and  have  the  capacity  to  retain  oil 
films  which  can  supply  lubrication  for  appreciable  periods  of  time  after  failure  of  an  oil  supply 
system. 


Ctehr  the  fi sal  Semper  time¬ 
sed  temperatares  beirsg 
varied  as  indicated . 


Ya&B*r  XIL 

Tgass  art  esag*rtaJ  pc ropesiaiw  wtafe  2.  0—2.  25  cisfeoeasraaSt 


Sa-.myto 

ITggsage 

ssnwsgsh; 

¥s*5i£ 

fess) 

EEnpyaiac 

c« 

HifcdismatE  <af  area 

<%> 

1 

1.4$.  2 

141.3 

7.  $ 

12.4 

2 

E4‘h.  1 

141.  5 

5.  E 

10.  0 

3 

14$.  7 

140.5 

5.  ■ 

10.$ 

4 

13©.  7 

145.  7 

7.5 

1$.* 

5 

14$.  3 

151.7 

$.7 

12.  1 

*5 

14$.  7 

141.  3 

5.  Z 

14.  $ 

7 

14$.  3 

142.  1 

10. 1 

:s_2 

Z 

143.5 

145.5 

4.$ 

10.5 

Average 

54$L  2 

143.6 

i.  7 

13.  1 

Core  hardness  (tiianitim)  =  Rc37. 

The  solid  surface  iubricaras  chosen  for  this  program  had  demonstrated  capabilities  o?  good 
prop .  ties  at  ambient  a*  &  elevated  temperatures. 

Dot  Corning  1-394?  CAFML-4I) 

This  solid  surface  lubricant  is  a  development  of  the  Air  Force  Materials  laboratories  which 
has  been  licensed  to  Dor-Corning  for  manufacture  and  s  ales.  It  consists  of  molybdenum 
disulfide  and  antimony  trioxide  in  a  resin  binder  and  was  spra\  gun  applied.  Films  of  the 
coating  in  thicknesses  of  0.5  to  1.0  mil  were  applied  to  Trihometer,  three-ball-and-cone, 
and  Ryder  gear  test  specimens.  After  spray  application,  the  films  were  air  cured  at  350cr 
temperature  for  two  hours. 

Silver  f  Niobium  Telluride  Ag-NbTe2 


This  solid  surface  lubricant  which  is  applied  electrophoretically  is  a  proprietar;.  development 
of  Detroit  .Diesel  Allison  and  is  the  subject  of  current  patent  proceedings.  The  fnc  particles 
of  silver  and  niobium  telluride  are  codeposited  at  room  temperature  to  a  thickness  of  0.  2  to 
0.3  mils  and  require  no  further  treatment. 

Teflon  +  Molybdenum  Disulfide  (Teflon-MoS2) 

Finclv  divided  particles  of  Teflon  and  molybdenum  disulfide  are  electrophoreticalT  codeposited 
to  a  thickness  of  1.  0  to  i.  0  mils.  This  also  is  a  proprietar>  process  of  Detroit  Diesel  Allison 
and  is  a  subject  of  current  patent  proceedings.  The  coating  was  tested  on  Tribomcter  speci¬ 
mens  onl>.  Its  properly  of  extruding  under  pressure  and  Diling  up  outside  the  load  pattern 
made  it  less  desirable  for  the  thrce-ball-and-cone  and  R\der  gear  surfaces. 
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SBCTBOK  SIS 


GEAR  oesacs 


Tfae  gear*  were  <4esagjaei  to  operas*-  <ae  t&e  R««fier  gear  tester  resgsartag  3.  S-ca.  cesser  daseasre*-. 
Taro  secs  sere  eSestgaeaS  sfearfe  are  (fieSBgsaseif  as  Pfea-.se-  S  Pfease-  E  a.trf  IE  gears. 

PHASE  I  GEAR  DE5JGX 

Pfease  l  gears  arert  aSesigaeal  for  135,  GOO  gaSE  feertziaa;  casa-acs  stress  Ssc-sesf  or  steel  moaSoLfeES  ©? 

g 

elasticiEy  off  30.  0  X  10  psL  The  eqasaraletic  caatxrs.  sv  es_  ffer  lEtasascr  es  YZVs.  000  psi  feasear 

g 

ocs  a  EEO&afcES  off  IS.  5  X  10  piss.  Tfee  feertziaa  stress  e*  satie,*.  ccseaf  for  -'aBccElatroe  is 


mere: 

p.  -  Poisson's  rali  j 

E  =  Young's  modaij  d  elasticit}-  X  1C  .si 
W-T-  =  tangential  load  -  667  lb 
^  =  pressure  angle  a*  pitch  dia  -  23  iegre*  : 

Fe  -  effective  face  widii  =  0.360  in. 

Rq  =  pitch  radius — gear  =  1.750  in. 

Rp  -  pitch  radius — pinion  -  1.750  in. 

TQ  =  torque  =  1058  Bb-in. 

The  face  width  of  the  gears  was  modified  to  acc om.  c-'iite  e  axO  trav<  i  io-  t  e  loading  mech¬ 
anism  of  the  Ryder  lig,  thereby  providing  full  enga  *  :ncnt  c-  the  r.  rnw  gea  ti  i  aughout  the 
operating  range  of  the  test  schedule. 

The  tooth  thickness  of  both  gears  was  modified  to  m3i..t.:ir  balanced  bending  defection  between 
the  narrow  and  wide  gears.  The  I>ewis  stress  equatic  used  to  -aicuiitc  the  ^ei  dir^  stress 
with  the  load  applied  at  the  high  point  of  single  tooth  co:.  c'_  (HK  TO  is  as  follov. s: 

3TQ 

"^b  f)  i.-  y 

V  min  HPSTC 


3b 


H*V 


werteac  <o i  pa&a&o&t  ac  BUPSTC 


J  asttsssssE  (kt  srsdfcis — tac 
XinPSTC  =  X  Caesar  a:  SIPSTC 

Beradirg  j  cress  geometry  is  s&jotre  in  Fsgare  23. 

The  isstaJ  saocSs  idefftertices  is  the  son  eff  the  cowth  fcegtdigg  deflect  t-oe  Sxasedi  ■oa  Weaer's  etaiaSBOo. 
aod  the  surface-  deSerta-ais  based  oe  SEes zz  eons wa. 


Detail ec  sectiacs  off  SSse  Pfea.se  I  finisziisS  gears  are  soa>jra  in  Figure  2S  aatf  Figure  -7. 

Bath  gears  snscoeporaaeai  Sail  fillet  radii  ind  z sxxh  proffile  Eisw£iffics£i*.CE  off  O.  Bench  outboard 
off  the  ESP5TC.  The  load  schedule  and  related  data  fee  the  Phase  i  gears  is  si^ne rn  i-s  Table  X£il 
arad  Table  XIV. 


Figure  23  ssors  the  wesfeg  and  Hertz  stresses  relative  to  sawds  per  :ach  ‘i'l'l:  of  face  uritsh. 


Fsase  il  and  Hi  Gear  Design 


use  Phase  II  gears  thanra  irs  Figures  21'  and  30  were  designe..  to  produce  185,000  p~i  Hertz 

5 

cosflact  stress  basei.  on  the  steel  nodules  of  elasticity  of  30. 0  •  10  *«?  a  Foisson’s  ratio  of 
0.  30.  The  *35,  000  j»st  stress  is  equivalent  to  HO,  000  ps=  Hertz  contact  for  titanium  with  a 
modulus  of  elasticity  of  15,5  /  I06  and  a  Poisson's  r<j*io  of  0.35.  This  stress  is  developed  on 
an  effective  face  width  of  0.  250  mis  operating  on  the  Kyder  test  rig  at  H,  000  rptr.. 


Oia— HPSTC 
Ov 
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Spur  Gear  Date 
10.2587141  pilch  36  teeth 

25T  pressure  angle  *o.00C 

Distance  ever  two 0. 1728  dta  pins  *  3.721976  -0.0000 
Root  dta  *  3.263  ±  0.0 65 
Pilch  dia  *  3.5000 

Active  profile  outside  *  3,33307035  dia 
Reference 

Arc  tooth  thickness  at  PD  •  0. 139416  ±0.001 

0.006  to  0.010  backlash  with  mating  gear  on  standard  centers 

Base  circle  dia  *  3. 17207731 
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Figure  <!5.  Bending  stress  geometry 


Figure  26,  Phase  I  wide  gear  design. 
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Figure  27.  Phase  I  narrow  gear  design. 


Table  XIII. 

Phase  I  lest  schedule — surface  stress. 

Surface  stress  at  pitch 


Test  time 

(hr) 

Total  cycles 
(X  106) 

Torque 

(lb-in.) 

Normal  tooth 

load  (lb) 

line  (psi)  (Hz) 

Titanium'’  Steel"” 

10.0 

8.4 

470.  3 

296.5 

80, 000 

105,  928 

10.0 

16.8 

530.  9 

334.7 

85, 000 

112, 549 

10.0 

23.  2 

595.  2 

375.  3 

90,  000 

119,  169 

20.0 

42.0 

663.2 

418.  1 

95,  000 

125, 7C0 

20.0 

58.8 

734.9 

463.3 

100,  000 

132,410 

20.0 

75.  6 

810.2 

510.8 

105,  000 

139,  031 

20.0 

92.4 

889.  2 

560.  6 

110,  000 

145, 651 

20.0 

10C.  2 

971.9 

612.8 

115,000 

152, 272 

20.  0 

126.  0 

1,058.2 

667.  2 

120,  000 

158,892 

"Young’s  modulus —titanium  16.  5  X 

106;  PoissoYs 

ratio-titanium 

0.35. 

""Young's 

modulus— steel 

30.0  x 

10^:  Poisson's 

ratio-steel 

0.  30 
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Ta&le  XIV. 

Pfea se  I  test  sdawSak — beadtof  stress. 


Test  time 

Btadiag  stress  a£  HPSTt 
fgwil 

Rending  as  HPSTC 

Total  pinioe  (in.) 

Chri 

Pinion 

Gear 

Titaniasn 

10.0 

8,  $22 

8,317 

0.00011 

10.0 

9,959 

9. 389 

5.00046 

10.0 

11,  1S3 

10,526 

0.00052 

20.0 

12,440 

11,728 

0.00058 

20.0 

13, 7S4 

12,995 

0.00064 

20.0 

15,197 

14,327 

0.00071 

20.0 

16,679 

15, 724 

0.00077 

20.0 

18,230 

17, 186 

0. 00085 

20.0 

19,849 

18,713 

0.00092 

IIPSTC-high  paint  single  tooth  contact. 


Figure  28.  Subsurface  stress  distribution. 
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Setffl|J — D 

test  AJI  fenenswa  ire  in  inches. 


Figure  29.  Phase  n  narrow  gear  design. 


Gear  tooth 


0.396 


J  1—0.386 

Section  0“ D 


ref 


Note:  All  dimensions  are  in  inches. 
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Figure  30.  Phase  n  wide  gear  design, 


To  provide  a  reduced  Lewis  bending  stress  of  17,  849  psi,  6. 0  diametral  pitch,  21  teeth,  and 
25  degrees  pressure  angle  was  selected.  The  minimum  profile  contact  ratio  for  this  selection 
is  1. 362.  The  selection  of  this  gear  tooth  geometry  reduces  the  total  tooth  Hertzian  and  Weber 
bending  deflection  to  0. 0009  at  the  high  point  of  single  tooth  contact  for  the  maximum  load  con¬ 
dition  to  produce  the  185,  000  psi  Hertz  stress. 

The  face  width  of  the  gears  was  modified  to  accommodate  the  axial  travel  for  the  loading  mech¬ 
anism  of  the  Ryder  rig  and  thereby  providing  fuU  engagement  of  the  narrow  gear  throughout 
the  operating  range  up  to  the  design  test  objective  of  185,  000  psi  Hertz  contact  stress. 

The  load  schedule  and  related  data  for  the  Phase  II  and  III  gears  is  shown  in  Table  XV  and 
Table  XVI.  Complete  assessment  of  the  6. 0  diametral  pitch  gears  is  made  by  DDA  spur  gear 
computer  program  and  is  shown  in  Appendix  I  . 


Table  XV. 

Phase  H  and  HI  test  schedule --surface  stress. 


Surface  stress  at 


Test  time 

(hr) 

Total  cycles 
(X  106) 

Torque 

(lb -in.) 

Normal  tooth 

load  (lb) 

pitch  line  (psi) 
Titanium*  Steel** 

2 

1.68 

176.3 

111.  1 

60,  000 

79,430 

2 

3.36 

239.9 

151.  3 

70,  000 

92,  650 

2 

5.  04 

313.4 

197.  6 

80,  000 

105,910 

2 

6.72 

396.  6 

250.  1 

90, 000 

119,  150 

2 

8.40 

489.  7 

308.  7 

100,000 

132,  380 

10 

16.  80 

592.5 

373.  6 

110,000 

145,640 

10 

25.20 

705.  1 

444.6 

120, 0C0 

158,  750 

10 

33.60 

827.5 

521.8 

130, 000 

172,000 

10 

42.00 

959.  7 

605.  1 

140,  000 

185,000 

*16.5  X  "'6 

**30.  0  X  106 
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Table  XVI. 

Phase  II  and  III  test  schedule  bending  stress. 


Test  time 

(hr) 

Bending  stress  HPSTC 
(psi) 

Bending  deflection  HPSTC 
total  pinion  (in.) 

2 

3,279 

0.  0002 

2 

4,462 

0.  0003 

2 

5,828 

0.  0004 

2 

7,377 

0.  0006 

2 

9,  107 

0.  0007 

10 

11,  019 

0, 0008 

10 

13, 114 

0.  0010 

10 

15,391 

0.  0012 

10 

17, 849 

0.  0014 
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SECTION  IV 


GEAR  MANUFACTURE 


The  manufacture  of  bard  coated  titanium  gears  consists  of  35  manufacturing  operations  re¬ 
quiring  24. 0  hr  set-up  time  and  30. 3  hr  manufacturing  time  for  Model  Shop  fabrication.  Manu¬ 
facturing  details  are  described  in  the  routing  sheets  shown  in  Appendix  II.  Figure  31  shows 
the  gear  tooth  profile  as  manufactured. 


Process  sequence  for  Phase  !,  II,  and  III  gears  is  as  follows: 


•  Hob 

•  Preplate  grind  (Phase  I  and  III  only) 

•  Plate  (FeNi  for  Phase  I,  Fe  for  Phases  II  and  III) 

•  Diffusion  bond 

•  Preheat  treat  g_  nd 

•  Carbonitride 

•  Finish  grind 

•  Lube  coat 

The  involute  profiles  were  full  form  ground  using  cams  manufactured  by  a  numerical  control 
(X/C)  system  developed  at  DDA.  This  grind  process  ensured  plating  uniformity  o.'  the  entire 
root  fillet  and  involute  profile. 


Process  dimensions  are  shown  ii.  Tables  XVII  and  XVIII. 


Figure  31.  Manufacture  of  gear  tooth  profile. 
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Table  XVII. 

Phase  I,  II,  and  in  narrow  gear  process  dimensions  (in.). 


Arc  tooth 

Root  fillet 

Face 

Phase 

Dimension  over  pins 

thickness 

Root  dia 

Outside  dia 

radius 

width 

I 

3. 75010. 002 

3.  25010. 005 

3. 65610. 005 

0.363 

0. 373 

Hob 

H 

3. 87510. 002 

„  +0. 000 
3. 110 

-0.005 

+0. 000 

3.803 

-0. 005 

0. 260 

0. 270 

HI 

3. 87510. 002 

3. 10010. 005 

„  „„  +0.000 
3.  803 

0.266 

-0. 001 

0.268 

Preplate 

I 

+0.  004 

3.704 

-0. 000 

0. 130 

3.  23410.  005 

3.  65610.  003 

0.048 

0.363 

grind 

0.  132 

0. 373 

H 

3.843+°-006 
-0. 000 

0.238 

+0.000 

3. 0700 

-0. 005 

+0.  000 

3.803 

-0.  005 

0. 075 

0.  260 

0.241 

0.085 

0.  270 

m 

o  +9.000 

3.852 

-0.003 

0.  240 

0.242 

+0.  000 

3.075 

-0.  001 

+0.  000 

3.808 

-0.001 

0.  079 

0.  085 

0. 266 

0.268 

i 

0.  025  minimum 

Plate 

IX 

0. 020  minimum 

HI 

0.  017  minimum 

Preheat 

I 

+0.  005 

3.774 

-0.  000 

0.165 

3.  27310.  005 

+0.  000 

3.694 

-0.005 

0.032 

0.405 

treat 

0.  167 

0.415 

grind 

II 

+0.006 

3.920 

-0.  000 

0.278 

0.281 

+0.  000 

3.  110 

-0.  005 

+0.000 

3.843 

-0.005 

0.  058 

0.  068 

0.300 

0.310 

HI 

+0.  000 
3-915-0.008 

0.  277 

0.  275 

+0.000 

3.  106 

-0.001 

,  +0.000 

3.  839 

-0.  001 

0.  064 

0.  070 

0.294 

0.300 

Final 

grind 

I 

3.759+0-°04 
-0.  000 

0. 157 

0.  158 

3.  26310.005 

+0.  000 

3.694 

-0,005 

0.  034 

0.400 

0.410 

II 

+0.  006 

3.902 

-0.  000 

0.268 

+0.  000 

3.  100 

-0.  005 

+0.  000 

3.833 

-0.  005 

0.062 

0.290 

0.  271 

0.072 

0.  300 

IH 

+0.  000 

3.  904 

-0.  003 

0.268 

0.269 

+0.000 

3.  100 

-0.001 

+0.  000 

3.833 

-0.  001 

0.  067 

0.073 

0.290 

0.294 
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Table  XVffl. 

.  Phase  I,  U,  and  III  wide  gear  process  dimensions  (in.).  .  ; 


: 

. 

Arc  tooth 

:  • 

1 

Root  fiUet 

Face 

Phase 

Dimension  over  pins 

thickness 

Root  dia 

Outside  dia 

radius 

width 

I 

3. 680±0. 005 

-1- 

31  250±0.  005 

1 

3. 656±0. 005 

•  — - 

0. 379 

0.389 

Hob 

II 

3. 875±0. 002 

1  , 

j 

3. 110±0. 005 

1 

3.8d3+°-00^ 

0.356 

-0. 005 

ft  366 

HI  . 

1  1 

3. 87 5 ±0*  002 

3. 100±0,  005 

+0.  000 

3, 803 

0.370 

-0. 001 

0. 372 

Preplate 

grind 

I 

i  +0.004 

3.66558 

-0.000 

Q.  Ill 

0.113 

i 

3. 234±0*  005 

3.  656±0.  005 

0.048 

"O  C> 
r-  CO 

©  ©‘ 

H 

+0. 006 

3. 78242 

i  -0.000 

l 

0. 208 

0.211 

i  1 

„  +0.000 
3.  070 

-0. 005 

„  '  +0.000 
3.303 

-0.  305 

0.093 

0. 103 

0.356 

0.366 

HI 

l 

+0.  000 

3.  79088 

0.210 

+0. 000 

3.  075 

-0.001 

! 

+0.  000  : 

3.  808 

-0.  001 

0.  097 

0.370 

•  -0.003 

J 

0.212 

0.  103 

0.372 

I 

.  .  0.  025  minimum 

; 

1 

Plate  .. 

II 

0. 020  minimum 

i 

m 

0.  017  minimum 

1 

' 

Preheat 

I 

.  ! 

,  +0.004 

3.  7381 

0.  146 

|  ' 
3.  273±0.  005 

+0.  000 

3.694 

,  -0.005 

0.  032 

0.521 

treat 

-0.  000 

0.  148 

0.531 

grind 

II 

+0.  006 

3.863 

-0.  000 

0.  248  ! 

0.  251 

+0.  000 

3.110 

-0. 005 

+0.  000' 

3.843 

-0.  005 

0. 075  i 

0.  085 

0.  396 

0.406 

III  1 

,  oc  +0.000 

3.853 

0.  243 

'  '  +0.000 

3.  105 

+0.  000 

3.833 

-0.001 

0.  032 

•0.400 

-0. 003 

0.  249 

-0.001 

0.  088 

0.406 

Final 

I 

+0.004 

3.722 

-0.000 

0.  140 

3. 2G3|t0.  005 

+0.000 

3.694 

-0.005 

0.  0j- 

0.516 

grind 

0.  138 

0.  526  ’ 

U 

,  1+0.006 

3.844 

-0.  000 

0.  238  ‘ 

0.241 

+0,000 

3.  100 

-0.  005 

3.  833'+0’  °°° 
-0.  005 

0.  080 

0.  090 

0.386 

0.396 

III 

+6.000 

3.847 

-0.  003 

0.238 

0.  239 

+0.  000 

3,100 

-0.  001 

„  „  +0.000 

3.833 

-0.001 

0.  084 

0.090 

0.396 

0.400 

f 


! 

% 
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Typical  inspection  charts  of  manufacturing  control  are  shown  in  Figure  32. 


Manufacture  of  iron  coated  titanium  gears  revealed  a  strong  tendency  for  the  coating  system  to 
crack  during  processing.  A  number  13  BT  glass  bead  peen  at  40  psig  was  implemented  to  pro¬ 
vide  compressive  stresses  superimposed  over  any  residual  tensile  processing  stresses.  This 
procedure  also  tends  to  unify  stress  distribution  across  the  gear  surface.  In  addition  to  elimi¬ 
nating  surface  cracking  the  peen  operation  improved  the  surface  finish  to  16  rms.  Further 
improvement  in  the  surface  finish  was  accomplished  by  the  Hone  operation  which  reduced  the 
finish  to  approximately  4  rms. 

Electron  probe  and  micrographic  analysis  of  gears  with  defective  plate  revealed  residual  sili¬ 
cone  carbide  particles  at  the  iron  and  titanium  interface.  These  particles  were  suspected  to 
have  come  from  the  blasting  or  cleaning  operation  prior  to  plating.  Several  tests  were  made 
and  aluminum  oxide  was  selected  as  a  replacement  media.  Subsequent  examination  revealed 
very  little  aluminum  oxide  adhered  to  the  gears  and  what  was  present  appeared  to  disperse 


narrow  and  wide  gears 
00  -  outer  diameter 
OOB  -  outer  diameter  break 
HPSTC  -  high  point  single  tooth  contact 
LPSTC  -  low  point  single  tooth  contact 

APD  -  active  profile  diameter  7326-32 


Figure  32.  Typical  gear  inspection  charts. 
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during  the  vacuum  diffusion  treatment.  The  silicon  carbide  was  no  longer  in  evidence  and  the 
percentage  of  defective  titanium  to  iron  diffusion  bonded  gears  dropped  to  near  zero. 


Postheat  treatment  cracking  was  primarily  caused  by  grind  induced  stresses  which  were  cor¬ 
rected  by  modification  to  low  stress  grinding  procedures  consisting  of  reduced  grinding  wheel 
speeds,  softer  grade  grinding  wheels,  and  reduced  infeed  rates.  This  process  was  followed 
by  glass  bead  pec-ning  of  the  part. 

Finished  gears  are  shown  in  Figures  33  and  34. 


Figure  33.  Phase  I  finished  gear  set. 


7326-34 

Figure  34.  Phase  III  finished  gear  set. 


SECTBJtt  V 


TESTL\G/.W.LVS!S 


TRUioaiETER  TESTS 

The  T rslor.ezer,  designed  asc  consructed  b  DDA,  permits  the  determination  of  static  co- 
efficient  of  friction  as  well  as  ihi  p.  ■.'tie  of  the  war  surfaces.  This  rig  consists  of  a  loading 
s;.  sic:,  ,  stationary  specimen,  holder,  oscillating  test  shaft,  artd  recording  instrumentation, 
figure  35  is  a  front  view  of  the  test  rig  with  its  test  parameters. 

TnLomeier  rotating  and  fixed  test  specimens  were  fabricated  from  Ti  6Al-2Sn-4Zr-6Alo, 
plated  aid  finished  as  shown  in  Figure  35  and  Figure  37  to  maintain  0.  015  inch  plate  thickness 
with  Kc  55-58  surface  hardness. 


Temperature — ambient 
Applied  load  (static) — 100  lb 
Angular  motion— 60  degrees 
Oscillation  frequency — 16  Hz 
Test  time— 1000  cycles 


Figure  35.  Tribometer  test  rig  and  test  parameters, 


Reaa-33  a  516 
64  a  515 


After  costing — finish 
grind  to  LOGO  ±a001 


Before  coating-finish 
grind  to  a 990  ±  a  001  in. 


Grind  ends  1  to  £ 


Mask  ID  and  both 
end  fares  during 
coating 


0.750  in. 
±0.010  in. 
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Figure  36.  Tribometer  rotating  specimen. 


0.750 

±0.010 


0.500 

±0.010 


Finish  grind  requirement 
on  ail  surfaces  except  this 
and  opposite 


16 

±  1/64  " 

-0.600  in. 
±0.010 


Coat  this  surface 
protect  all  others 
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Figure  37.  Tribometer  stationary  platen  specimen. 


foaionri^g  — +-*.  wmp  1t*sti*A  rn  jmt>  ttfr*-  tnpti*****,  rrris*.<f*n-st  rv«-^S  JabciesSS. 

coalfr'g  c  xzSsisxtica  to  resisd  sorfsee  dcterfogaffion. 


PSaTcrrg 


Serfage  Ssfcricarat  coattings _ 

Ag-XbTe*  Te-McS^  MoS-.-S^Oj 


Iitoe»  S  S  -  S 

Iron-nickel  S  S  -  6 

ElMroless  nickel  S  S  5  S 


TVpicallrCxnteter  test  specimen  set  is  shorn  in  Figure  33. 

Electroless  Xickel  (Xicfeem)  Hard  Coating 

The  Ti  6Al-2Sn-4Zr-Ch*o  Tribometer  cylinders  end  platens  rere  plated  with  13  to  24  mils  of 
electroless  nickel  OSichem),  thermally  diffused  at  1000*F  in  vacuum,  and  finish  ground  to  15 
mils  of  hard  coating  with  a  hardness  of  Rc  55  to  58. 


Because  of  the  extrusion  and  piling  up  around  the  wear  scars  of  the  Tribometer  te*?ts  of  the 
electroless  nickel  (Nichem)  hard  coatings,  the  electrophoretic  Teflon-MoS2  surface  lubricant 
coating  was  dropped  fr<  ^  further  consideration  for  this  program.  Accordingly,  Tribometer 
tests  were  performed  with  carbonitrided  iron  and  iron-nickel  alloys  on  the  Ti  6Al-2Sn-4Zr- 
6Mo  in  the  finish  ground  condition  and  with  the  spray-coated  AFML  (DC  1-3943)  and  the  electro¬ 
phoretic  Ag-NbTe2  solid  lubricant  coatings. 

Carbonitrided  Iron  and  Iron-Nickel  Hard  Coating 

The  program  originally  included  the  use  of  diffused  electroless  nickel  (Nichem)  as  the  bonding 
medium  for  the  iron  and  the  iron-nickel  alloy  hard  coatings.  Unfortunately,  by  the  time  it  was 
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Figure  38.  Typical  Tribometer  test  cylinder  and  platen. 
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BesrataS  ttrat  clas  SsocgSsg  agraera  wcoM  eat  scrarive  tie  coraStfacs  of  ear&oeitriitirg  beat 
treat  ewclas,  all  iron  aad  troo-rackel  alloy  Triaocsetter  specimens  feaaS  been  processed  t&rocgh 
pteiag  wisEs  tie  nickel  strike  tadaded.  £2  tierefere  toss  decided  to  ieat  treat  tie  specimens  to 
deternaiae  iff  sggficicns  nemSter  wish  adeiqaa-te  Stood  •xor'v*  be  available  for  tie  TrCreeaeter  tests. 
For  a  trrrr.e  tfcss  appeared  to  Ste  troe;  however,  as  the  tests  were  begem  it  was  evident.  fitet  tie 
foorasSag  system  would  act  survive  tie  Tribemefier  test  loads.  Figure  3S  iiicstrafies  tie  failures 
experienced;  tie  weak  bend  galled  cade  >  applied  load  aad  tie  band  mgtiwgs  fs*i£er*<&  £*&&  frac¬ 
tured  ca^stropgicalSy.  Late  La  tie  pr  >gram  it  was  tiers  accessary  to  produce  iron  aad  irca- 
nickel  allcgr  Tribometer  specimens  wi  ch  bad  Steers  bonded  Sty  tie  tfeerrssal  caffusioa  procedure. 

Figure  -50  aad  Figcre  41  sSsow  tie  extreme  limits  of  wear  scar  profiles  wills  their  test  speci¬ 
mens. 

Table  XK  is  a  summary  of  the  wear  scar  depths  and  a  summary  off  friction  tests  is  shown  in 
Figure  42. 

Tribometer  Test  Conclusions 


•  Tribometer  testing  reveals  little  difference  between  vacuum  diffused,  double  tempered, 
carbonitrided  iron  and  iron-nickel  as  hard  coating  materials. 

•  The  electrophoretic  Teflon-MaS2  surface  lubricant  shows  good  properties.  Howe.-er,  this 
lubricant's  appreciable  alteration  of  surface  geometry  by  extrusion  displacement  make  it 
a  questionable  choice  for  highly  loaded  lubricated  surfaces. 

•  AFML-41,  surface  lubricant  provides  optimum  protection  for  all  of  the  materials  tested. 

•  Carbonitrided  iron  *  AFML-41  produced  the  least  surface  disruption. 
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Figure  39.  Typical  failure  Fe  and  Fe-Ni  coating  with 
electroless  Ni  bond  medium. 
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Table  XIX. 

Saroraary  of  tribogceter  year  scars. 


Cocmfitioa  Wear  scar  depth  fin.) 


Electroless  nickel  (bare) 

0. 000290 

Electroless  nickel  r  ABSL-43. 

0. 000063 

Electroless  nickel  -  Ag-XbTe2 

0.000110 

Electroless  nickel  t  Teflon- MoS2 

0.  000028 

Carcomtrided  iron  (bare) 

0.  000048 

Carbonitrided  iron  *  Ag-XbTe~ 

0.  000026 

Carbonitrided  iron  -  AFML-41 

0. 000013 

Carbonitrided  iron-nickel  (bare) 

0. 000026 

Carbonitrided  iron-nickel  -  Ag-NbTe? 

0. 000077 

Carbonitrided  iron-nickel  *  AFML-41 

0.  0G0019 

Electroless  nickel  (hare) 

Electroless  nickei  +  AFML  -41 
Electroless  nickel  +  Ag-NbT92 
Electroless  nickel  +  Teflon-MoS2 
Carbonitrided  iron  (bare) 
Carbonitrided  iron  +  Ag-NbTe2 
Carbonitrided  iron  +  AFML  -41 
Carbonitrided  iron-nickel  (bare) 
Carbonitrided  iron-nickel  +  Ag-NbTe2 
Carbonitrided  iron-nickel  +  AFMl-41 

Beginning  of  test  ■■■ 

After  1000  cycles  mmmu 


Static  coefficient  of  friction 
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Figure  42.  Summary  of  Tribometer  friction  testing. 
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THREE -BALL-AND-CON'E  TESTS 


The  DDA -designated  three-ball-and-cone  test  facility  consists  of  eight  units  for  the  evaluation 
of  materials  under  high  Hertzian  rolling  contact  fatigue  loads.  Figure  43  is  a  view  of  the 
typical  test  rigs  in  DDA  Materials  Laboratories  and  Figure  14  shows  a  schematic  of  the  rig 
system.  The  test  facility  consists  essentially  of  a  high  speed  shaft  which  holds  and  drives  the 
test  cone  specimen;  a  bottom  fixture  which  retains  the  three  ball  bearings  and  outer  race;  a 
temperature  controllable  positive  pressure  lubricating  system;  loading  piston;  and  automatic 
shut-off  controls.  The  test  performed  with  this  facility  is  comparable  to  the  cyclic  compres¬ 
sive  or  crushing  load  in  gear  and  bearing  usage.  Both  lubricated  and  oil-starved  testing  can 
be  performed  up  to  600,  000  psi  Hertzian  stress  levels. 

Test  Parameters 

•  Test  machine  speed,  rpm 

•  Stress  cycles/hr 

•  Test  cone  surface  finish,  rms 

•  Total  system  vibration  at  origin  of  test,  rms  volts 

•  Contact  ball  permanent  set 

•  Lubricant  temperature,  °F 

•  Lubricant 


10,770 
1,  518,  570 
4 

max  0.  3;  optimum  0. 1 
None 

190  to  200 
MIL-L-7808 
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Figure  43.  Tltree-ball-and-cone  test  rigs. 


tester  schematic. 
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Cone  Test  Specimens,  Figure  45  were  manufactured  with  15  mils  of  iron-nickel  or  electroless 
nickel  plating  over  Ti  6Al-2Sn-4Zr-6Mo.  The  specimens  were  tested  bare  and  with  Ag-Nb- 
TeC>2  and  MoS2-SbC>3  lubricant  coatings  as  follows. 

Surface  lubricant  coating 

Plating  None  Ag-NbTe2  MoS2-Sb2C>3 

Iron-nickel 

Single  temper  8  - 

Double  temper  18  8  10 

Electroless  nickel  14  8  8 

Figure  46  shows  a  finished  test  specimen  together  with  the  bearing  balls  and  outer  race  used 
on  the  three-ball-and-cone  tests. 

The  following  cone  fatigue  tests  shown  in  Tables  XX,  XXI,  and  XXII  were  run  to  determine  the 
endurance  limit  of  the  various  combination  of  materials  and  surface  coatings. 

Figure  47  is  a  summary  of  the  cone  fatigue  tests  which  show  their  respective  fatigue  life  values 
relative  to  AMS-6265  carburized  steel. 

A  typical  pitting  fatigue  failure  is  shown  in  Figures  48  and  49. 


Break  edges  0.015  -  0.030  R 
Scale  -  4  x  size 
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Figure  45.  Tto'ee-ball-and-cone  rig  test  specimens 


Figure  46.  Three -ball-and-cone  test  specimens, 


Table  XX. 

Three -ball-and- cone  test  results — iron-nickel  alloy. 


Specimen 

Load  level 

Stress 

No.  Hertizian  (psi) 

cycles 

Dispositon 

Carbonitrided  iron- 

nickel  alloy  vacuum  diffused. 

single  temper — lubricant: 

4 

600,000 

3. 9  X  105 

Failed 

6 

600,000 

3.1  X  105 

Failed 

2 

500,000 

6.8  X  106 

Failed 

5 

500,000 

4. 2  X  106 

Failed 

7 

400,000 

1.  5  X  107 

Failed 

8 

400,000 

6.9  X 107 

1 

300,000 

4.0  X  108 

Failed 

3 

300,000 

1.0  X108 

Carbonitrided  iron 

-nickel  alloy  vacuum  diffused. 

double  temper — lubricant: 

11 

600,000 

2.  5  X  108 

Terminated 

13 

600,000 

1. 1  X  108 

Terminated 

14 

600,000 

3. 1  X  108 

Terminated 

17 

600,000 

8.  7  X  107 

Terminated 

20 

600,000 

2.  5  X  105 

** 

21 

600,000 

2.6  X  108 

Terminated 

22 

600,000 

1.6  X  107 

Failed 

12 

500,000 

5. 8  X 108 

Terminated 

23 

500,000 

6.9  X108 

Terminated 

24 

500,000 

9.2  X107 

Failed 

25 

500,000 

--- 

** 

26 

•500,000 

6. 8  X  108 

Terminated 

9 

400,000 

1.  1  X  109 

Terminated 

10 

400,000 

1.  1  X  109 

Terminated 

Carbonitrided  iron 

-nickel  alloy  vacuum  diffused, 

double  temper,  peen — lub: 

15* 

600,000 

7.7  X  105 

Failed 

16* 

600,000 

1.  4  X  106 

Failed 

18* 

600,000 

5.  7  X  106 

Failed 

19* 

600,000 

1.  4  X  107 

Failed 

^Abnormally  high  vibration — surface  finish:  rms  15  to  17. 

**AbnormaJ  failures  are  those  which  show  eccentric  wear  patterns,  fail  at  test  inception 
or  experience  high  initial  vibration. 
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Table  XXf. 

1  Three-ball-and-cone  teSjt  results — iron-nickel  alloy  and  iron. 


Specim’en  i 

Loacj  level 

Stress 

1 

No. 

Hertizian  (psi) 

cycles 

Oispositon 

:  Iron-nickel  alloy  vacuum  diffused, 

double  temper-T-lubricant:  MoS2-SbC>3 

3 

600,000  = 

1. 1  X  108 

Terminated 

4 

600,000  i 

--- 

* 

10 

600',  000 

2.3  X  107 

♦ 

'  5 

500,000 

2.  5  X  107 

$ 

6 

500,000  1 

7.  9  x'lO8  . 

Terminated 

7  ; 

500,000 

4.7  X  108 

Terminated 

.  8 

500,000 

7.7  X107  . 

Failed 

9  , 

500,000  , 

— 

♦ 

1 

400,000 

2.  5  X  107 

Failed 

,  2 

400,000 

4.  4  X  108 

•  ,  Failed 

Iron-nickel  alloy  vacuum  diffused, 

double  temper— 

•lubricant:  Ag-Nb-Te2 

1 

600,000' 

2 

600,000 

... 

.  # 

3 

600,000 

... 

* 

4 

6^0,000  I 

1.  8  X  108 

Te.  ninated  : 

5' 

500,000 

2.  1  X  108 

.  Terminated 

6 

500,000  , 

5.  7  X  108 

Terminated 

7 

500,000 

6.8  X  107 

,  Terminated 

8 

500,000 

6.8  X  107 

.  Terminated 

♦Abnormal  failures  ar'e  those'which  show  eccentric  wear  patterns,  fail  at  test 
1  '  * 
inception,  or  experience  high  initial  vibration.  !  ; 


Oil  Starvation  Testing 

,  .  ^  , 

Oil  starvation  testing  attempts  to  shut-off  the  lubricant  and  create  an  oil  starvation  failure 
were  unsuccessful.  Residual  lubrication  was  sufficient  to  allow  test  termination  (over  1.  Q  X 

O  1 

10  stress  cycles)  on  bare  specimens  without  failure. 

i 

'•  .  i 

Three-Ball-And-Conq  Test  Conclusions 

- -  -  ■■■ .  . .  —  i 

The  following  conclusions  have  been  made  concerning  the  compressive  load  capabilities  of  the 
systems  based  upon  three-ball-and-cope  testing.  Also  refef  to  Tables  XX  through  XXII. 

i 

•  The  Nichem  system  has  extenpive  scatter  of  results  not  attributable  to  test  variations  and 
is  inferior  to  carbonitrided  iron-nickel.  Further  pursuit  of  the  Nichem  system  is  not 
recofnmended  at  this  time.  '  1 
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Table  XXII. 

Three-ball-and-cone  test  results — electroless  nickel. 


Specimen 
No. _ 


Load  level  Stress 

Hertizian  (psi)  cycles 


Dispositon 


Electroless  nickel  (Nichem)  hardened  and  aged — lubricant:  none 


1 

600,000 

1.  3  X  104 

Failed 

2 

600,000 

1.  3  X  104 

Failed 

11 

500,000 

7.  2  X  105 

Failed 

12 

500,000 

6. 1  X  108 

Failed 

14 

500,000 

3.7  X  105 

Failed 

5 

400,000 

4.9  X  105 

Failed 

6 

400,000 

2.  5  X 108 

Failed 

9 

400,000 

5.0  X  107 

Failed 

10 

400,000 

9.  2  X  107 

Failed 

3 

300,000 

1.  4  X  106 

Failed 

4 

300,000 

1.4  X  106 

* 

7 

300,000 

4. 8  X  104 

* 

8 

300,000 

6.  1  X107 

Failed 

13 

300,000 

7.  6  X  108 

Terminated 

Electroless  nickel  (Nichem) 

hardened  and  aged- 

-lubricant:  MoS2-Sb03 

3 

400,000 

1.  5  X106 

Failed 

4 

400,000 

1.  1  X  106 

Failed 

1 

300,000 

9.  0  X  106 

Failed 

2 

300,000 

1.  2  X107 

Failed 

5 

300,000 

2.  1  X106 

Failed 

6 

300,000 

8. 7  X  108 

Failed 

7 

300,000 

4. 1  X 108 

Failed 

8 

300,000 

4.0  X  106 

Failed 

Electroless  nickel  (Nichem)  hardened  and  aged  — 

■lubricant:  Ag-Nb-Te2 

1 

300,000 

3.  1  X  107 

Failed 

2 

300,000 

1.  3  X  106 

Failed 

3 

300,000 

1.  5  X  108 

Failed 

4 

300,000 

3.  5  X  106 

Failed 

5 

300,000 

2. 8  X  106 

Failed 

6 

300,000 

3.  2  X  106 

Failed 

7 

300,000 

3.  6  X  108 

Failed 

8 

300,000 

— 

* 

^Abnormal  failures  are  those  which  show  eccentric  wear  patterns,  fail  at  test  inception,  or 
experience  high  initial  vibration. 
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Figure  49.  Typical  microsection  of  pitting  fatigue  failure. 


•  The  iron-nickel  alloy  system  appears  competitive  with  cased  steel  test  results. 

•  Test  termination  to  accomplish  the  greatest  quantity  of  evaluations  precludes  determina¬ 
tion  of  the  maximum  fatigue  capabilities  for  the  material.  However,  the  data  to  depict 
minimum  values. 

•  Double  temper  of  the  specimens  is  a  definite  improvement  and  is  considered  a  direct  asset 
to  both  bearing  and  gear  life. 

•  Lubrication  coatings  do  not  appear  to  have  any  positive  influence  on  three -ball -and -cone 
test  specimens. 

R.  R.  MOORE  TESTS 

Three  groups  of  R.  R.  Moore  test  specimens  were  fabricated  of  Ti  6Al-2Sn-4Zr-6Mo.  One 
group  was  tested  bare  after  being  processed  through  the  thermal  treatment  that  the  gears 
would  receive.  The  second  group  was  iron  plated  and  the  third  group  was  iron-nickel  plated. 
Both  plated  groups  were  processed  as  shown  in  Table  XXIII. 

The  R.  R.  Moore  specimens  as  shown  in  Figure  50  were  tested  to  establish  their  fatigue  en¬ 
durance  limits.  Test  results  are  shown  in  Table  XXIV. 

Both  iron  and  iron-nickel  coated  titanium  show  lower  fatigue  life  than  bare  titanium,  with 
relative  summary  shown  in  Figure  51. 

Electron  Microscope  Analysis 


Representative  fractures  of  each  group  are  shown  in  Figure  52. 


Table  XXIII. 

Thermal  processing  of  R.  R.  Moore  plated 
fatigue  test  specimens. 


Temperature  (°F)  Time  (hr) 


Diffusion  1600  3 

Slow  cool 

Carbonitride  1600  6 

Quench  Oil 

Temper  350  1 

-100  1 

350  1 

500  12 
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Figure  50.  R.  R.  Moore  test  specimen. 
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Table  XXIV. 

Results  of  R.R.  Moore  fatigue  tests. 


Bare  Ti 


Fe  plated 


FeNi  plated 


Stress  (ksi) 

Cycles  X  106 

Results 

100 

0.  046 

Failed 

100 

0.043 

Failed 

90 

6.587 

Failed 

75 

33. 827 

Terminated  ' 

75 

18.519 

Terminated 

50 

14. 677 

Terminated 

50 

13. 135 

Terminated 

90 

0. 125 

Failed 

90 

9.  022 

Failed 

100 

— 

Failed  on  load 

50 

4.  646 

Failed  on  load 

50 

0.  075 

Failed  on  load 

50 

0.  030 

Failed  on  load 

45 

4. 354 

Failed  on  load 

45 

G.  960 

Failed  on  load 

40 

59. 037 

Failed  on  load 

60 

0.  057 

Failed 

55 

1.  061 

Failed 

50 

7.646 

Failed 

50 

2.  945 

Failed 

50 

2.848 

Failed 

40 

63.578 

Terminated 

40 

37.276 

Terminated 

mm 

HttHU 

Iron-Nickei 

Figure  52.  R.  R.  Moore  test  specimens 


Bare  Titanium 


Fractographic  studies  were  made  of  both  the  iron  and  iron-nickel  plated  titanium  specimens 
show  the  following  results. 

•  No  striations  typical  of  fatigue  were  present  in  either  the  Fe  or  Fe-Ni  coating  areas. 
Fatigue  appears  to  initiate  in  the  titanium  at  the  interface  below  the  coating. 

•  While  the  iron  or  iron-nickel  coating  appears  to  have  failed  in  a  simple  overload  at  the 
beginning  of  the  test,  the  subsurface  titanium  then  progressed  for  a  period  in  fatigue 
originating  at  or  just  below  the  diffusion  zone. 

R.  R.  Moore  Test  Conclusions 


•  Both  iron  and  iron-nickel  have  lower  fatigue  capabilities  than  bare  titanium. 

•  Fractographic  studies  indicate  that  fatigue  appears  to  initiate  in  the  titanium  at  the  inter¬ 
face  below  the  coating. 

CRUSHING  TESTS 

Crushing  tests  were  performed  to  determine  the  effect  of  2  mils  of  unhardened  iron  at  the  iron- 
titanium  interface. 

A  block  of  Ti  6Al-2Sn-4Zr-6Mo  was  constructed  and  iron  plated  to  a  finish  ground  depth  of 
approximately  0.  015  inch..  This  surface  was  given  a  2  hr  carbonitride. 

Subsequent  load  tests  revealed  the  following: 


Load,  ksi 

Deformation 

300 

Yes 

275 

Yes 

250 

Yes 

225 

Yes 

200 

Marginal 

155 

None 

Subsequent  examination  revealed  no  indication  of  subsurface  cracking  in  the  areas  of  plastic 
deformation. 

Crushing  Test  Conclusions 

•  Static  Hertz  crushing  stress  up  to  200  ksi  will  not  produce  visual  deformation  of  an  iron 
plated  surface  of  Rc  55  nan  hardness. 

•  Static  Hertz  crushing  stress  above  200  ksi  produces  permanent  set  of  an  iron  plated  sur¬ 
face  of  Rc  55  min  hardness  but  will  not  cause  subsurface  cracking. 


*. 
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RYDER  GEAR 


Small-scale  titanium  gears  submitted  for  Ryder  Gear  Machine  testing  during  this  program 
were  grouped  into  three  phases: 

Phase  I  Gear  material:  Ti  6Al-2Sn-4Zr-6Mo 
36  teeth,  10. 29  pitch 
Hard  coated  with  iron-nickel  alloy 
Lubricant  coated  with  AFML-41  (MoS2-Sb03) 

Phase  II  Gear  material:  Ti  6Al-2Sn-4Zr-6Mo 
21  teeth,  6. 0  pitch 
Hard  coated  with  iron 
Lubricant  coated  with  AFML-41 

Phase  III  Gear  material:  Ti  6Al-2Sn-4Zr-6Mo 
21  teeth,  6. 0  pitch 
Hard  coated  with  iron 
Two  sets  lubricant  coated  with  AFML-41 
One  set  black  oxide  surface  treated 

Typical  Phase  I  and  Phase  H/HI  gear  sets,  before  lubricant  coating,  are  shown  in  Figures  53 
and  54. 


Figure  53 


Phase  I  type  gear:  36  teeth,  hard  coated  with  Fe-Ni  alloy, 


Figure  54.  Phase  n/m  type  gear:  21  teeth,  hard  coated  with  Fe. 

Dynamic  testing  of  the  small-scale  gears  was  conducted  on  a  Ryder  Gear  Tester  modified  by 
DDA  and  consisted  of  the  following  major  components: 

•  Ryder — ERDCO  Universal  Drive  Stand  and  Control  Console 

•  ERDCO  Antifriction  Ryder  Gear  Head,  Model  R-5589 

•  ERDCO— CRC  Test  Oil  Cart,  Model  2300S-2 

•  Moore  "Nullmatic"  Load  Control  System 

The  modified  Ryder  Gear  Tester  is  capable  of  performance  testing  a  wide  variety  of  gear  ma 
terials  and  designs,  heat-treatment  techniques,  bonded  coating  materials,  and  coated  and 
liquid  lubricants. 

Conditions  simulating  fuE -scale  gear  tooth  crushing  loads  and  tooth  bending  stresses  can  be 
readily  applied  and  accurately  maintained  at  temperatures  up  to  300°F.  Equipment  features 
are  shown  in  Figure  55. 


Figure  55„  Ryder— ERDCO  gear  tester  with  antifriction  gear  head  and  CRC  oil  cart. 

Test  Parameters 


The  following  test  parameters  were  maintained  throughout  the  test  program  as  specified: 

•  Test  gear  speed,  rpm 

14,  000  ±50 

•  Test  oil  specification 

MIL-L-7808G 

•  Test  oil  flow  rate,  ml/min 

*1,  300  ±25 

•  Test  oil  in  temperature,  °F 

135  ±5 

•  Test  oil  system  capacity,  gal 

2 

•  Test  oil  filter,  microns 

10 

•  Test  gear  load,  psig 

As  shown  ±0.  25 

''increased  to  1,  600  ±25  during  last  three  tests  of  Phase  III  gears. 

Test  Gear  Load  Schedules 

The  small-scale  gear  teeth  scuffing  and  pitting  fatigue  limits  were  determined  under  conditions 
simulating  full-scale  gear  teeth  crushing  loads  and  bending  stresses.  The  Phase  I  gears  were 
36  teeth,  and  the  Phase  II / III  gears  were  21  teeth  gears.  The  differences  between  the  two  gear 
designs  necessitated  two  separate  load  schedules,  and  these  are  compared  in  Table  XXV. 


68 


Table  XXV. 

Load  schedules  for  small-scale  titanium  gears  tested  in  Phases  1  and  II/IIL" 


Phase 


Normal  tooth  load  Surface  stress  at  pitch 
Test  time  (hr)  Torque  (lb /in.)  (Ib)  line  (psi  Hz)** _ 


I 

H/ni 

I 

n/ni 

I 

n/m 

1 

u/m 

10.0 

2.0 

470.3 

176.2 

296.5 

111.  1 

105, 930 

79, 430 

10.0 

2.0 

530.9 

239.9 

334.7 

151.2 

112, 550 

92, 650 

10.0 

2.0 

595. 2 

313.3 

375.3 

197.5 

119, 170 

105,910 

20.0 

2.0 

663.2 

396.6 

418. 1 

250.0 

125, 790 

119, 150 

20.0 

2.0 

734.9 

489.9 

463.3 

308.7 

132,410 

132,380 

20.  C 

10.0 

810.2 

592.4 

510.8 

373.5 

139,  030 

145,  640 

20.0 

10.0 

889.2 

705.1 

560.6 

444.5 

145, 650 

158, 870 

20.0 

10.0 

971.9 

827.5 

612.8 

521.7 

152,  270 

172,  000 

20.0 

10.0 

1,  058.  2 

959.7 

667.2 

605. 1 

158, 890 

185,370 

"Phase  I  is  a  36-tooth  load  schedule. 

Phase  II/in  is  a  21-tooth  load  schedule. 

**Based  upon  Young's  Modulus:  30.  0  X  106. 

Test  Gear  Inspection 

The  narrow  test  gear  teeth  were  inspected  under  magnification  upon  the  completion  of  each 
time/  load  increment,  and  after  each  equipment  shut-down,  whether  scheduled  or  unscheduled. 
Gear  teeth  were  evaluated  on  the  bases  of  relative  rate  of  tooth  face  scuffing,  pitting  fatigue, 
compression  cracking  of  the  hard  coating,  loss  of  hard  coating,  or  other  .usually  observable 
distress.  Wide  test  gear  teeth  were  inspected  without  magnification  at  the  same  time.  De¬ 
tailed  metallurgical  investigations  were  conducted  on  the  gears  only  after  test  termination. 


Ryder  Gear  Test  Data 


A  tabular  summary  of  each  gear  set  installed  and  tested  on  the  Ryder  Gear  Tester  during  this 
program,  the  maximum  test  time,  and  the  condition  of  the  gears  at  test  termination  is  pre¬ 
sented  in  Table  XXVI.  Detailed  data  recorded  at  each  inspection  of  the  gears  will  be  found  in 
Appendix  III. 

Metallurgy  Analysis 


Phase  I  Analysis 


Test  I.  1— Tooth  fracture  of  wide  gear  shown  in  Figure  56  progressed  from  surface  blemish. 
Narrow  gear  showed  only  minor  tooth  scuffing. 
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Table  XXVI. 

Summary  of  Ryder  gear  tests  conducted  on  small-scale  gears 
during  Phases  I,  Q,  and  in. 


Phase  I 

Test  Gear  Gear  Total  time  Maximum 

No.  set  So.  width  Chr)  stress  (psi)  Gear  condition  at  test  termination 


1 

1  -A 

Narrow 

30.0 

119.  170 

1-B 

Wide 

2 

2- A 

Narrow 

14.0 

105,  930 

2- A 

Wide 

3 

1-B 

Narrow 

10.0 

105,  930 

2-B 

Wide 

4 

3-A 

Narrow 

2.5 

86,  100 

3 -A 

Wide 

5 

4-A 

Narrow 

17.4 

112,550 

4-A 

Wide 

Phase  li 


1 

2-A 

Narrow 

6.0 

105,910 

2-\ 

W  idc 

2 

2-B 

Narrow 

12.5 

158, 870 

2-B 

Wide 

3 

3-A 

Narrow 

12.3 

158,  870 

*2-A 

Wide 

Phase  III 

1 

1-A 

Narrow 

1.  0 

79,430 

1-A 

Wide 

2 

1-B 

Narrow 

0.  1 

79.430 

1-B 

Wide 

3 

2-A 

Narrow 

29.2 

158,  870 

2-A 

Wide 

4 

3-A 

Narrow 

19.5 

145,  640 

3-A 

Wide 

5 

2-B 

Narrow 

21.7 

158,  870 

2-B 

Wide 

G 

4-A 

Narrow 

8.0 

113, 150 

4-A 

Wide 

Note: 

Phase  I— 

•  Gear  sets  1, 

2,  and  3  coated  with  iron 

Gear  set  4  coated  with  iron  only.. 
Phases  11/111 — All  sets  coated  with  iron  only. 
^Previously  used  in  Test  1  for  6.  0  hours  under  load. 


No  failure,  normal  scuff  wear  only 

Tooth  35  broken;  all  others  normal  scuff  wear 

Overtemperaturc  due  to  lubrication  loss 
Overtemperature  due  to  lubrication  loss 

Teeth  13-18  broken;  others  show  impact  damage 
impact  damage  on  numerous  teeth 

Misalignment;  excessive  wear  on  all  teeth 
Misalignment;  excessive  wear  on  all  teeth 

Tooth  34  broken;  plate  loss  on  other  tips 
Plate  loss  on  tips  of  numerous  teeth 


Misalignment;  no  observable  damage 
Misalignment;  no  observable  damage 

Plate  damage  on  teeth  6,  7.  12,  i5,  &  19 
Minor  scuffing,  no  observable  damage 

Plate  loss  on  all  teeth 
Plate  cracked  on  all  teeth 

Loose  nut  permitted  misalignment;  compression  damage 
Misalignment;  some  compression  damage 

Loose  nut  permitted  misalignment  :•  compression  damage 
Misalignment,  plate  loss  on  teeth  10-13 

Tooth  7  plate  loss;'  plate  smeared  on  other  teeth 
Plate  smeared  on  numerous  teeth 

Gear  web  fractured;  minor  scuffing  on  all  teeth 
Minor  scuffing  on  all  teeth 

Tooth  7  broken;  scuff  damage  on  all  teeth 
Minor  scuff  damage  on  all  teeth 

Tooth  18  plate  loss;  minor  scuffing  on  all  teeth 
Minor  scuffing  on  all  teeth 

ickel  alloy* 
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Test  I.  2  Test  rig  failure  causing  loss  of  lubrication  caused  premature  gear  failure.  No  gear 
analysis  made. 

Test  I.  3— Fracture  of  narrow  gear  teeth  resulted  from  multiple  indications  of  fatigue  failure 
in  the  area  of  high  nickel  concentration  in  the  tooth  root  fillet  area.  Figure  57  shows  the  frac¬ 
tured  tooth  failures. 


Figure  57.  Fractured  gear  teeth  induced  by  fatigue  failure. 
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Fracturing  of  the  iron  was  predominantly  along  a  plane  at  the  iron  to  titanium  interface,  see 
Figure  61.  Microexamination  revealed  localized  areas  of  diffusion  zone  cracking  in  a  plane 
relatively  parallel  to  the  interface. ,  In  addition, 1  light  cracking  nf  the  iron  plate  was  observed  • . 
normal  to  the  gear  face.  ! 

S  *  ; 

Test  3 — Heavy  spalling  and  loss  of  case  was  noted  on  nearly  every  tooth  of  both  gears  as  shown 

t  J 

in  Figure  62.  Damage  is  attributed  to  poor  bond  of  the  iron  coating. 

i 

Phase  HI  Analysis  . 

Test  l  and  2 — The  gears  were  installed  with  low  retaining  nut  torque  which  resulted  in  fatigue 
failure  of  the  lock  washer  tat.  This  allowed  the  lock  nut  to  back  off  resullirg  in  misalignment 
and  damage  to  the  gear  teeth.  The  gears  were  turned  over  and  the  same  assembly  condition 
duplicated.  A  similar  failure  resulted  as  shown  in  Figure  63.  Gear  tooth  damage  is  shown  in 
Figure  64. 

Test  3 — Damage  to  the  gears  is  shown  in  Figure  65.  Photomicrograph  typifying  the  narrow 
gear  case  structure  is  shown  in  Figure  66.  Microexamijiaiion  subsequent  to  test  showed  a 
plating  line  defect  which  led  into  the  diffusion  zone  and  provided  a  weak  junction  at  which  failure 
occur  *  • 
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Test  5— Photomicrograph  Figure  68  shows  satisfactory  case  condition  in  areas  adjacent  to  the 
tooth  fracture. 

Tooth  failure  of  the  narrow  gear  is  shown  in  Figure  69.  Fractographic  analysis  indicated  no 
evidence  of  fatigue.  The  extremely  rapid  fracture  is  indicative  of  an  overload  such  as  foreign 
material  going  through  mesh  of  the  teeth. 
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Figure  68.  Case  condition  adjacent  to  failure. 
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Test  6 — Photomicrographs  shown  in  Figure  70  are  typical  of  the  case  structure.  Surface 
spalling  or  fracturing  is  along  the  diffusion  interface.  Although  fracturing  is  in  the  diffusion 
zone,  titanium  base  metal  can  be  seen  breaking  away  with  the  iron  case.  The  bond  integrity 
in  the  gears  is  considered  excellent. 

Gear  Test  Summary 

n 

The  common  basis  selected  was  10  cycles  to  evaluate  the  fatigue  strength  of  the  test  gears 
relative  to  hardened  steel  gears.  Figure  71  shows  the  pitting  fatigue  stress  level  of  the  titanium 
gears  relative  to  hardened  steel  gears.  DDA  experience  design  criteria  for  hardened  steel 
gears  is  242,  000  psi  with  a  negative  reciprocal  slope  value  of  the  S/N  curve  of  12.  08.  The 
AGMA  standard  210.  02  allowable  contact  stress  for  10^  cycles  is  180-225  ksi  for  Rc55-60  case 
hardness  for  steel  gears. 

The  initial  contract  objective  was  to  achieve  150  hr  of  operation  or  126  X  10^  stress  cycles  at 
132,  000  psi  (based  on  steel  modulus  of  elasticity  or  100,  000  psi  based  on  titanium  modulus  of 
elasticity).  This  stress  related  to  10  stress  cycles  by  the  slope  of  the  stress-cycle  curve  is 
163,  000  psi. 

As  the  program  progressed  the  objective  was  established  at  stated  loading  cycles  of  different 
stress  amplitudes  starting  at  105,  500  psi  and  progressing  up  to  158,  000  psi  at  150  hr  of  test 
time.  The  cumulative  damage  in  fatigue  based  on  Miner's  rule  is  147,300  psi  at  150  hr  or 
181,600  psi  at  10*  cycles. 
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Steelgear  pitting  fatigue  life  / 


,190, 100  psi  Phase  II,  III  equivalent  objective 
081,600  psi  Phase  I  equivalent  objective 
7163,000  psi  equivalent  contract  objective 
/152, 000  psi  Phase  III  equivalent  accomplishment 
4120,000  psi  Phase  II  equivalent  accomplishment 


150  hr' 


S  100 


^ r* "  JLT'147, 300  psi  Phase  I  objective 

A- ^"132, 000  psi  contract  objective 
ijz  169, 000  psi  Phase  I i,  ill  objective 
\\  ^  Phase  I  test  schedule  j-j-j- 

_A  \  _A  -  -  Phase  1 1  test  schedulejl  I  ’  j 

_ \\ _ \  v143, 000  psi  Phase  1 1 1  accomplishment 
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108  109 

Number  stress  cycles 
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Figure  71.  S/N  test  schedule. 


Phase  II  and  III  objective  was  also  a  step  loading  with  the  stress  amplitude  starting  at  79,  500 
psi  and  progressing  up  to  185,  OOO  psi  at  50  hr  of  test  time.  The  cumulative  fatigue  damage  at 
50  hr  is  169,  OOO  psi  or  190,  100  psi  at  107  cycles. 

The  average  cumulative  life  of  Phase  I  test  results  is  94,  800  psi  at  12. 07  X  106  cycles  or 
96,  000  psi  at  107  cycles  for  Phase  I. 

Phase  II  average  cumulative  life  is  120,  200  psi  at  9.  9  X  106  cycles  or  120,  OOO  psi  at  107  cycles 

Phase  III  average  cumulative  lif*  is  143,  000  psi  at  19. 9  X  106  cycles  or  152,  000  psi  at  107 
cycles. 

The  equivalent  stress  levels  compared  at  10*  ocles  are: 


242,  OOO  psi 

180.  000-225.  OOO  psi 

190.  100  psi 


DIM  experience 
\G1L4  allowable 
I’hase  8  and  III  afcje«-tire 


181, 

600 

psi 

163, 

000 

psi 

152, 

000 

psi 

120, 

000 

psi 

96, 

000 

psi 

Phase  I  objective 
Contract  objective 
Phase  HI  test  achievement 
Phase  II  test  achievement 
Phase  I  test  achievement 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  coated  titanium  gears  achieved  93%  of  the  initial  contract  objective  or  63%  of  the  fatigue 
strength  of  hardened  steel  gears.  A  review  of  the  developed  processes  for  hard  coated  titanium 
gears  indicates: 

•  The  plating  procedure  required  excessive  attention  in  the  program  and  will  continue  to 
present  a  plating  challenge  due  to  the  problem  of  obtaining  equal  plating  distribution  on  the 
irregular  geometry  of  the  gear  teeth 

•  The  wear  surfaces  of  carbonitrided  iron  were  excellent  and  appear  to  be  comparable  with 
hardened  steel  gears 

•  The  predominate  failure  mode  of  the  tested  gears  was  at  the  interface  of  the  iron  and 
titanium 

•  Specimen  testing  displayed  excellent  compressive  strength  properties  for  iron-coated 
titanium 

•  Model  shop  fabrication  costs  for  titanium  gears  was  20%  greater  than  hardened  steel  gears 

It  is  recommended  that  further  exploration  of  iron-plated  coatings  be  attempted  to  develop 
added  strength  and  ductility  in  the  diffusion  zone  by  solid  solution  forming  elements  at  the  in¬ 
terface.  The  relative  improvement  rhC/uld  oe  explored  by  free-free  bending  tests  followed  by 
additional  Ryder  gear  manufacture  and  test. 

Since  iron-coated  titanium  three-ball-and-cone  tests  showed  a  pitting  fatigue  strength  com  - 
parable  to  hardened  steel,  it  is  recommended  that  a  program  be  initiated  to  adapt  this  process 
to  rolling  element  bearing  inner  and  out^r  races  and  their  rolling  elements,  titanium  shaft 
splines,  and  to  the  technology  of  making  bearing  races  integral  with  titanium  shafting  by  the 
iron  coating  process. 
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0. 20000000 

0*20000000 

0. 20000000  ~ 

0.267793 >9 

0.23779539 

0.2692^639 

0. 2392993° 

0.072679^5 

0.CR952225 

0.07335266 

0. 05055377 

5.50*51576 

3. £4357461 

3. 53432044 

3. 44633771 

1.55562611 

1.52652272 

l.c572;03°- 

1. 523-0542  " 

.MISCELLANEOUS.  n  A  T  A  SECTION. 


- TO5T~f Itcgr  CtitreWN'ATES  P I nTOV  - - - — 

- 'CliNTE-nTNc  REFErf'EMCf:  -  '  - - - - - 

IZL  $p*ce_  .. .  — . 'cowmcN"  - 

“0V2A0S«5s7~  I.b0<.iiffiS  0.-1C091209  W62267S73  MIN  Rr  MAX  DR" 

UT?Vlo3T55  f76373Vi)?9'  0700020715  T.'6j24'0rf5  M'AX"RF  KIN  DR  * 

*072'-'O99.4OO  '174C392-S0'4"  "0.COOJ504O*  1.621923el  MIN  OF  “IN  DR  » 

“0724t5*R'2i*9*"  *1*76*052752  7*  "**  C. 09037009  1762335262  ^/CjCR'F  «AT"D!T  ‘ 


"pntWr'O'F  TAligENCVSlTH  INytHTuf E 
CENTER  LINE"  TOOTh'REFERF.NCE  '  ' 

DIAMETER  X  '  ”  '“y 

3.21778222  0.16841420  1760005227 

3.21747295""  0"7i"68X2S42-T7f9-9"ff7S«" - 

3.21659177  .  0.16345206'  175994*97 1 

3.21862461'  *"0.1683*86*59  LT60047869"  ' 


-  ROOT  E  fLtcT  CfloRO  iNATfcS"  -  PEAR" _ _ 

- C5N7ER  rtlrt'REFEPiNCE"'  . . ”  ** . 

- to'oth —  . . - . -space  -  - - 

- - - v_ . . .  x - V - 

- 372* 31 057-6  "1762V 30098 - 0  .*  0  0 1*3 1*3*8 5  *~  r.’A  3 992 173"" ~ 

- CT.T^OliSjL  "7762761722"  0.00359687  "1. 6359*266 

— o.  i  <?  320  m-' '  its  tio  3*017 — utoditsk "  7  76 39T  7ra  r  “ 

- 33724372979-* * 176223V62R '  0.0007966 5"TT540S93S3~ 

- -  .  . . . p-iNrc« — 

— srnvrwffFicE  niAMETE"R - - - - 

— ciTcreuiTE'c  at  "  -  --  - 

— T7-rniwr-7ic75V7'"r“77";"7"7~r"'r  :  * . — 3725105577  •- 
— 27-np-eRgrTN'o  wrr.RS“7~-  7  •  -37272? b 3 or; 

- ANCLE  9ET7EEM "ORIGIN  OF~lNVOLOTr'  . . ~*  - 

— swrcENTpr  ltneT!^  refit  h  "dj-grets - - - 

- KIT)  77~;  V  .  r.  .  i  .  7  .  " 6710139639* 

- MAX  .  7  7  7  r.~r  .~rr.-7~.“ V~-&-.*r25?5I72-- 

- PTCCFTfETMTEN  r.TKTtN'  (IF ""INVOLUTE  *"  -  *~ 

- Smr-CENTPTTINF'OF  "Sr«CE"=  DEGREES  "  "  *  "" 

— kot  .  7  .  .  ;  .  .  v .  *.  v*  2.4*547585* 

— rat- .  *.*  2.47oo3znr 

- wrCENT^LlNE"^^^?^^.'0.  7‘V.  r~S."571A23Sr"" 

— Ctf- ■*  «  wi-*"  «  i  i  'tr  1  ' 


- - —BQ I  NT-'CT’tTfNOefiCV-wTTH-'rNTOCUTE - 

- C  QNDITTOT - -CENTEft'TTNE-TffOTTnLERICPRCt - 

- orAMETER" - X - V - 

~MPO<F"7TSX  TOUT - 3723379567 - <17V53T22*64“T;*H20'B5?6 - 

"  NWRF  'VIS  OR"-"  ~372384“0032"~'0.-1337TOr--T76m^5"6 - 

'**'"M4)C*RF*VAX  ‘DR - 3723959033"  ”0775357853  “T75r2WS5V - 


~3 7272833 T3 - 


"-5751028971“ 
- 5*753 4E4504**' 


2.9365S353 
-  *279611 J8S5" 


37571-42857* 


- ARC  Tir  CfcRRfcES — 7~.  7777 7*7 *.'-11776725591 - 

- A»C  CF  NECESSTON  4  DECREES  . . .  11776726991 

- CENTER-DISTANCE  -  TIGHT  MESH . .  *.  3.43044456*  * 

- CINE  nr  CONTACT  LENGTH  4  .<IN  .  .  ;  .  .  ;  .  *7  <1.65253089 

CTN=  GF  CONTACT  length  -  MAX .  0.72001621 

FECTCa't  fELTA  ANGLE  ......  7  .'..**.  .  070 

- rail - -  PiNU-X“  7“7  7'*7“ Tr  TT.~".  .".*  ~ T43OJ*7O0U - 

-  -3TT1.-  -s-CEi»  ......  17 .  140C0.O0O 


4-eoOT  FILLET  C'rCITtcxi  USED  IN  THT  OENOINC  STRESS  CALCULATIONS 


MISCELLANEOUS  TATA  S  E  C.  T  1  0  M 


ftCt"  niCrT*  Otl«5®01N'ATf-S  -  P  InTO.M 


CENTPy  LI'Jc 

'C'lK 

y  v 

~0.2*QSA~gT  l.oO*.-..Ainb 
J ,  C  1  a iTE -  1.6043107.5 

~  a.  2<0«9'.0o  t.SC’lViCA 

0.24158219  1.6052742  7 


REF^ETO 

S»  VC  8 

1  Y 

_0.  K04121/3  1.62267973 

_0."OJ0207)S  1.6226T52'ts- 

C.C00750-0  1.62192581 

C*  C9037CQ 1  x.623352o2 


Cl'NOIT  1  CM 

MIN  SF  MAX  08 
MAX  RF  WIN  OR 
MIN  FF  “IN  pt;  * 
•<AX  RF  HAX  OR 


point  of  tano'fncV  with 'involute  " 

CEN7CR  LINE  TOOTH  REFERENCE 
DIAMETER  X  '  v  ' 

3.21778222  0.16841420  1.60005227 

3.2174’395“  0.16842542  "T."?<f93'7599 ‘_ 
3.21659177  .  0.16845206  1.59944977 

3. 2 1 86  246 1  0. 1 66  38659  “ 1. 60047869 


ROOT  FlLlcT  COORD  tNATt  S  -  SEAR 


C'NTE’O  LINE'oCffo'NCE  ' 

"  T (_V’T H  ■  -50  ICE  "  - - - 

—  'X  '  ‘  V  ‘  X  -  -  y  ■  - 

^AAirET-A  1.62*80048  O.com'3'oi  "  r.63992m' 

..‘.;i<-1  772  0. 00159Efc7  *.63984366 

377TT?TV33-  TT5ITJ371i  '  “  O.'CCl  iTrsV  i.t3917m- 

0'.2'.?72«.7  ,  1.622a*  A3**  0.0007968-',  1.64059353 


°0INT  CF  TANCFTgCY  hTTh  INVOLUTE 

covonreN - cfnter  gw  Torour  n  e tewn  ere — - 

.  -  —  —  diameter  - - x - v - 

MIN  RF  nix  OR  '  '  3 . 2  33  79  567“  (V.T53722”64 — I7K2«552V~ 

MAX  *RP  wfK  OR  -  3.23840032  0."1537«3S'- Ti'6  IT  88*56“' 

-T.T*r'Hr-RTT:-157-ir-  --  3  .'237615350 0725375771 — IT5TP.RlTr~ 

max'RF  «AX  OR  3.?395«033“  0.15367855  T76T2498  54 — 


TfTIV£  oraf;lE  CI4«ETFR  ‘  * 

ClLCL'L-VTt  0  at 

— rr-rrcHT  -Mcw  ,  . 

- 2. '7’t>E4.-.TINr,  . . 


ANCLE  MET. SEN  oh. jin  OF  involute 
WO  CENTTR  line-*'*-  TO'I’H  -  r.EC.REtS 
PIN' . 


XT 


~  ANGLE  ACT -FEN  ClIGlV  'IF  INv'OlUTF 

- 3*10  CC'TER  LIVE  OF  SPACE  -  DEGREES 

“WIN . 


- WAV 


0  INI CN 


“3.251055  77 
’. 272885i3 


•j. 101746 19' 

5.12555372  - 


2.44547685 

2.47003218 


GEAR 


•37Z5T0599T 

3.27283313 


5.61028971 

'  5  .514'845  05 


2.9365F353 

2.46113896 


- i'TGLC—3ET".'TTN  TFTTEA--LITF  Oc  tT.xTH'  - -  -  - - 

ANl  CENTER  II'IE  T  SPACE .  5.57:42887  8.57*42957 


— wr—rr  r?  f  s  s  ~  • 

\*z  cr  <■  -C”3iin\  -  .lexers  . 

fcvrr*  MSTVJCl  -  TIM 

mc  nr  tact  lcn~t^  -  u\ 

L T Cc  CONTACT  l  ►V'.Tm  -  »tx 
T-TtiCat  r»».T\  \\<\xz  .  .  .  . 

- r^»« - — -?!>iTT\  .  .  %  .  .  . 

-  r,* 


li.7FT25^9I 

ii.7*72o*3i 

%o?2SV)49 
C. 72001621 
0.0 

lAlOJ.CT^ 
1 A  1C  1.000 


t  c* 


-I*  l=T  O  »rj  Tl  -  »J'»l  j  \ 


T»i r  H£\rH hr.  sT^t'-S  ~- 


■tCilL&TIfJS 


Ti' 


i— 


i 


1 


S  v  A  L  j'  A  T  I'  r.  W  SEC  T.  r  0  N  = 


"Ps^F  fCfr~C'P'!t,-:cr  VaT'fli 


~ tr  a  r  it 

“PITCH  LIME  VELOCITY 


••'IV.". 

«?.X  . 

-  «i»r  . 

-  <  .  , 

-  FT  /H  IN 

-  Tf/MT\ 

-  RC~‘  .  . 
-*  RSTC  . 

-  “*>ITCM  . 

ESTC  , 


- - - "  '  “  ■ 

-  FCt 

•  • 

• 

•  » 

4763,66781022 

“TtJPO'JE* ’  ” '  '  “ 

-  L? 

IMS  ‘ 

• 

•  • 

959.73563643 

TT'reEsrr  tax  note 

-*  L3S 

A  ♦ 

• 

•  • 

546.42039716 

TEP'AfVSTW.'  FORCE 

-'  LBS 

•  • 

• 

•  <* 

2  55.  ■'3263X46 

“AXTAT  “FORCE' "  '  " 

-  LPS 

•  • 

• 

•  • 

0.0' 

PliTiTMiC  IOCTH  10 AO 

-  L9S 

»  « 

• 

605.11495742 

LPT/IN  FACF 
pIMT'-M 
G=  4=  . 


"HERI 1  “SURFACE  STRESS  ! 

TFFFCTTVF T-ACE  trrOTH' ==  '0~.2503CC00 
-  PIMION 

HTCH  (T;n  *"  ‘  1  l<-CC0'J.2fc24 


“  1.57518149 

:  1.71.343516 

0.0 

0.0  ! 
12323. 17C00216 
‘  RELATIVE  “ 
4733.66731022 
21 7  3 • 47  616 66  b 
0.0 

2173.47616668 


— Enmifr - - 

302?.  58504B09 
43T47650R60S6 
'  54  2 1.  £TB~i  5  32  0 
6505.15703654' 
7313.2523  5¥3 1- 


GFA7 

76T3. 25285831 
6503.1570-36T4 
T 421. 41395320 
4  334 . 6 3086986 
3029.58504309 


1-  — 


2036.60330144 

1528.05807429 


PITCH  (PP) 


_  t 


GEAR 

1400.00.282  4  ’ 


_  .  1 


TFWPTNTG  STRESS'  -  LE^IS  ' 

TTrCFTTIFTP- h  “IT.  c'9'TOO'OOO  FACE  HI OTH “=  Oi. 396X0000 

P  T  M  1  P.N  !  '1 


PIM1HK 

s 

'GcAP 

BtTCPCl - 

4735.0,322 

.  P*  IHPC) 

-f 

22922.3414  ' 

FSTC  11PSTC) 

7684.6146 

9STC  (HPSTO 

•  14811.4030 

TTTTCH  CSTDI 

11772.6336 

PITCH  (  ST-D) 

9725.3994 

PITCH  I OP  1 

1 1772.6336 

.  PITCH  (OP) 

9725i 8994 

TST(  I-IPSTCl  - 

l— 17524.0320' 

ESTC  ILPSTCJ 

4136.6469 

EC  THPC7 

2t  50-3.9830 

EC  (LOO 

3696.1082  ' 

88 


"i if  f^a  h  r  'i  0  a  t  A  ~S"g~~t  THHTn 
- PINION  ------ 


- 5PFT,3-?  t;'ir4  -  *  ~  . 

6. OOOOO0  \CQMiL  CTA5f.TR.ti  °  I  Tf.H  '  21  TPETR  '  ' 

— ^TO’JuJiimrs^c  t*tfsi:ff-wigif  - 

-  OTSTfl iVC E~0  V  E  R  TWO  0228303  DIA  PINS=  3. TO  15 2 

-  -  -  3.9C432*  ' 

. . DTSTASCF  GVER  CNTO;28=t:0  !)I1  PIN  =  1.55583 

-  -  -  - 1.55723 


ET7PT  l)  I  a'  =  ■~“C9850U'  3.TCOCTOO 

- PTrcrrcTJv-  =  — 3".  5onocc  '  "  “ 

- r-UTSTEJETIA-  =  "  3.821? -3 3  -  3.633333  ' 

- ACTIVE  T’RTJFRr'  OUTSIDE  3.251065  OTA 

- FA'CFTJTDTH '  =  O.T-OCOQ  -  0.2°4D0Gf  "  ~  * 

- va^TDGt  BREAK*  3.020000  ' 

M7TS  TTP  tike  AK“"=~  0  .'G05000  ~  ~  .  ~  —  —  -  -  . — 

- MTN  TP1JE'  FTCFcT  ~R  ATM  115=  0.C72530’'  '  -  - - 

- MAY-TECF  FILLET  RADI  L'S=0. 073353  '  '  - - 

- - GFATTTnOTP  'ECFAEMTS  SHALL  FE  Iff  ACCORDANCE  RTTR~ECn=  * - - 

“ REFERENCE ‘  '  '  ’  '  '  - 

- ARC  TOOTH  THICKNESS  Tft  PLANE  Dr  ROUT  I CN  AT  Po  =  0.26 7795'  ~-T».T6529'9 

- T.TT50  Ti.v  OTOlEITTfAC K LTSir  wTTT TATPIS  GEAR  ON  ~3V5000T!0'  "CENTER'S" - 

- SATrTTRCCF[nr=  31T72077'  -  -  - -  -  - 


DRAWING  DATA  SECTION 


FEtP 


- SPURTTFA  R*  "O'A  T  A  *  '  “  " 

- 6.0TJCDOO  'NORMAL  DIAMETRAL  PITCH  21  TEETH" 

- 25'.OOQDOJ  "NORMAL  PRFSSL'P':  ANGIE  '  - - 

-  DTSTAl’  CE  DVER  TWO  0. 26600  D IA  PINS=  3.34387 

-  -  y.-s^gz.- 

- DT STANCE  OVER ~C\'E  0.28°00  9IA  PIN  =  1.92652 

— - -  '  "  1 .52841 


—  “K(TT“DTA  =  3.0cf500  -  3.1CODOO 

~  'PITCH  CTA  3.530000 

'  ACTIVE  PROF  ILF  OUTSIDE  3.2  51060  OTA 

- FATTVilDTP  -=-  "  3.FP40C0  -  C.4CCUC0  ~  -  -  -  - 

— WAX  ECFc  3RE4K=  G.C20200  '  '  ~  - 

” - VATTIPTRIAK  =  D.C030P-0  ---  --  -  -  - 

- vj'jTEUE  pH'-FT  TAr>I!'S=  -3.CP^22  "  -  -  -  - 

- R7VX  rKTIE^TUFFI  FAFn  IS  =  3.850554 - 

- G=»R  TOCTH  ELEMENTS  SHALL  9E  In  ACCORDANCE  *ITH  EOT- " 

SFFCRFNCE  ' 

ARC  TOOTH  THICKNESS  IN  PLANE  OF  ROTATI CN  AT  PO  =  UV237?9o  -  0.235299 
0.0T50  TO  0.31 PO  AAOKLASH  *ItH  mating  GEAR  ON  3.5C0000  CENTERS  " 

HAST  CTFClE  01 A  *  3.172377 


DEFLECTION  SECTION 


NGs  21.  ■>or.= 

'NP*  21V  9)0* 

TT? - 5J5KT7  25o56 


j.s-OOm  53-)!* 

I.'IKOW  .-r,P  1 1 

»s*  t.cciocc 


3.355503  TW* 
"7.C53500  INP* 
col*  3.5oc;oc 


0.2?7’OO  AG*  0.164667  _FG=  0.396003 

0.2677  9-  AP»  0. 1*66467  ~  FP»  -  0.290000 

*•«»  25.O0COOO  '  "PS'l*  0.0  ~~~- 


21  Dl  n?1p*  21.00  K80S*  1. 7500000  <760°“  1.  J500006  Ra'FCG*  1.5060356  RifSOP-  175*560386  ~ 

7XPF*  0. 51340  SNP5B*  0^0  _  Sf;PMM»  _0j_62261026  _ 30G*  1.9166607 _ P3*  0.47454  RnP*  ~T.91*6666~7~  _  WOPX  208676 

•gCfTT-- 152771  tC«  ’  ’.  5006200  R55.  1.5-025  F9P*  1754925  7  -  - - — ' 

T5'3'0=~a.3i060  1340*  0.0  73'1P*  0.33779  TB7P*  o.f>  C«EO*  l.*l K  '  CR»*  17413  CW*~OTO~ - 

CP'oTCP*  1.69630  SPSTCP*  1.51263  _ L°“*  -0.32796 _ MP«.  O.t\27eo _ _ _ ■  —  -  - 

•  •  *  *  “S'  t" »  «  a  a  6  4  6a**«a*v*aa**»  .  aaaTbaaa-t  a  *  a"  a  V  a  a  a“  4  *  •  a  •  * 


'WTTT^ooiv.iuvr  pinion  contact  trtr.iu?,  pin  am.  actual  finI'cn  'ccnt act  radius  - - 

-ffHFPi-pTNp-frCEFlECTICNlH  PC4NE  OP  SOTIUCV  _  - - - 

■KFCS"jr*9-p?FL£crro  j  if  pla>‘?  rotation  —  -  - -  -  -  - - 

ilcrn=  Hctltl-K  LcFLc*- X|F'7~TV'PL  AN(  OF  ROTATION 

Tcrugr*  TrjF«'i~c6fcmio»;  o-  our  -awi  ->inic\'  in  oitanc  ofaptatioa - - — - - - 

TfTEUTF-  XUS  PF  ACTION  ri5TiVC4.  PUCM  point  TO  CONTACT  PCINT.  OAF  «rj7L’lE*  1/D1A4ETRAL  PITCH  - -  ” 

CTF.OTS.OTP  Hr  OEFLrCTIuN  CCrf FISIcNTS,  OETP*  0TPI.G.V2I.  *0P*  LINE  OF  ACTION  LOADING.  lB/IN  OF  FJTCETfTBTR 


- rviION 

GEAR 

*m*i\ 

5=A4 

T.F5C00224 

1. 51051647 

?.Dl$2s<!2b 

13.65788613 

*. o-a341 34 

1.5012.  .22 

x* iO^TCo-r 

11.5435522- 

— r.(.5fT)945i 

1.97212746 

£.2iSv*52o 

7.50761078 

12665TC:e5 

1.453-5441 

•5.6^348456 

i. 6506/441 

1.735  4  52.4 

Z«fc*U2fc27A 

7;57;a/55i 

- 1.642(5779 

I.:17s2c54 

tmt 3CO*AC» 

0.6470-305 

—  1.714555(7 

1.73 ’59 320 

?.C«/jOS2«* 

5.2127776, 

- 1.753000C  I 

1275O-3J0C-3 

*.6<42*fi+ 

-.13256591 

_  ~127625“72) 

1.71)41567 

‘•.517*5*76.. 

3.-166C031 

- X.51762eS4 

1.65?6f,7»o 

S.4«- 3701* 

4.F5I230o3 

I***  35tC£+  - 

-i;£r357-TI 

S. 

2. 6347o53- 

T.b53W*: 

1.065142  75 

7.  *<-25503* 

2.50321505 

I*T7?lX7i  !> 

1.65375292 

2.35710726 

1.64- >-17- 

*.■>53776*= 

2.2257C0I6 

—  t;  « 6^ 

1.637)027* 

’ 0.7^:392-1 

2.12054105 

■it  5T/:an  pinion  gear  tieruisn  total  —  — 

2.534 77bu0  0.000244Eo  0.00126856  0.00037194  0.661 S95F6 
2.6736-724  J.D0624P16  0.091 .64D9  0.06039221  6.00172746  _ 

c. 7649CE33  0.00027960  0.00091755  C. 10040560  0.00160274 - 

J.329C5342  0.0032 1539  0.OO079677  0.30041501  0;00150'/I? 

2.9757539=  0.000313715  0.030 49620  C . 'ff5«rS5T>.  JSTvSSBZ - 

2.91025255  0.00033524  0.0006156  7  0.10042692  0.0007782 
2.-»55024lfc  0.00031157  0.00348276  0.10043349  0.00130777 
2.9734cev3  3.00046781  0.00033744  0. 10043620  0.00129165 
2.9704.506  3.90057155  0.00031326  0.30047574  0200X32555 
2.94463777  0.00071 175  0.0 3026776  0.00047156  8.081X1111 
2.9Z22J676  3V03J8O051  0.030246/4  0.30042367  0.00147/92 
2.39109731  0.00050325  0.00023229  0.00042411  0;00155965 
2.74540595  0.00102513  0.00321820  0.1004X785  0.00T6613I 
2.79924205  0.001 17"*  *5  0.00020(40  0.00040917  0.0017F951 
7.73454027  3.0-313535  0  0.0001967  a  0.00039674  0.00195263 


90 


EQUIVALENT  LOAD  LEVELS  FOR  S~ 


GEARS 


.l»  scale 

COATED 

TITVIITI  GEARS  -  TEST 

DATA  - 

RYDER  E 

---  30. C  ° 

10**6 
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-2.C3C02 

’4  900. 
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APPENDIX  II 


RYDER  GEAR  TEST  INSPECTION  DATA  SHEETS 
FOR  HARD  COATED,  SMALL-SCALE  TITANIUM  GEARS. 


PHASE  I 

Test  No.  I,  Gear  Set  1-A/B 
Test  No.  2,  Gear  Set  2-A 
Test  No.  3,  Gear  Set  1/2-B 
Test  No.  4,  Gear  Set  3-A 
Test  No.  5,  Gear  Set  4-A 

PHASE  II 

Test  No.  1,  Gear  Set  2-A 
Test  No.  2,  Gear  Set  2-B 
Test  No.  3,  Gear  Set  3/2-A 


PHASE  III 

Test  No.  1,  Gear  Set  1-A 
Test  No.  2,  Gear  Set  1-B 
Test  No.  3,  Gear  Set  2-A 
Test  No.  4,  Gear  Set  3-A 
Test  No,  5,  Gear  Set  2-B 
Test  No.  6,  Gear  Set  4-A 


Test  Data — Phase  I,  Test  No.  1 , 


Accumulated  Calculated  surface 
Time  cycles  stress  levels  (psi) 


(hr) 

(millions) 

Steel 

Titanium 

Break- 

-in  schedule 

<1 

0.  14 

74,816 

56,502 

<1 

0.42 

74,816 

56,502 

1 

0. 84 

74,816 

56,502 

2 

1.68 

81,595 

61,640 

3 

2.  52 

88,396 

66,765 

4 

3.36 

95, 220 

71,910 

5 

4.20 

102,042 

77,043 

Endurance  test 

6 

5. 04 

108,829 

82,191 

9 

7.  56 

108,829 

82, 191 

12 

10. 08 

108,829 

82,191 

15 

12.60 

115,643 

87,330 

Condition  of  gear  teeth 

Slight  burnish  at  and  below  pitch  line 
Relatively  unchanged 

Bonded  lubricant  confined  to  bottom  1/3  of  most 
teeth 

Unchanged 

More  pronounced  wear-in  pattern  on  most  teeth 
Relatively  unchanged 

Narrow  gear  teeth  relatively  unchanged;  plating 
bubble  or  blister  on  wide  gear  tooth  No.  35  near 
center  below  pitch  line 

No  appreciable  change  on  narrow  gear;  bubble  on 
wide  gear  tooth  partially  healed 
Relatively  little  change  in  either  gear 
Same 

Narrow  teeth  No.  2  and  34  initiated  scuffing  be¬ 
low  pitch  line;  approx  l/16-in.  area  of  bubble 
spalled  out  on  wide  tooth  No.  35 


Test  Data — Phase  I,  Test  No.  1,  (contd) 


Time 

Accumulated 

cycles 

Calculated  surface 

stress  levels  (psi) 

(hr) 

(millions) 

Steel 

Titanium 

Condition  of  gear  teeth 

20 

16.80 

115,643 

87,330 

Narrow  teeth  No.  2  and  34  unchanged;  No.  12, 

25 

21.  00 

122,400 

92,459 

13,  15,  and  19  show  rust-type  stains  near  front 

face  above  pitch  line 

Narrow  teeth  No.  1, 2,0,8, 9, 13, 14, 15, 17, 19, 20, 

30 

25. 20 

122,400 

92,459 

29,33,34,  and  36  show  slight  scoring  below  pitch 
line;  No.  12,  13,  and  18  show  rust-type  stain  near 
front  of  tooth  above  pitch  line 

Narrow  teeth  No.  2,32,34,35,  and  36  showed  11, 

4, 7,  5  and  3ft  scuffing,  respectively;  wide  tooth 
No.  35  chipped  through  the  plate  on  front  face; 
see  Figure  53.  (A  detailed  view  of  the  wide  gear 
is  shown  in  Figure  54. ) 

Test  No.  1  terminated 


Test  Data — Phase  I,  Test  No.  2, 


Accumulated  Calculated  surface 
Time  cycles  stress  levels  (psi) 


(hr) 

(millions) 

Steel 

Titanium 

Condition  of  gear  teeth 

Break - 

■in  schedule 

<1 

0. 14 

73,754 

55,701 

Light  burnishing  affecting  approx  1/2  of  teeth 
near  front  face  and  1/2  near  rear  face 

<1 

0. 42 

73,754 

55,701 

No  change 

1 

0. 84 

73,754 

55,701 

No  change 

2 

1.68 

80,431 

60,744 

Narrow  teeth  No.  21,22,23,24,26,27,  and  32 
show  increased  wear  pattern  above  pitch  line 
near  rear  face;  teeth  No.  25,28,29,30,31,33,34 
35,  and  36  same  height  near  front 

3 

2.  52 

87,155 

65,822 

No  change 

4 

3.36 

93,856 

70,883 

No  change 

5 

4. 20 

100,557 

75,944 

Narrow  teeth  unchanged;  wide  teeth  show  rust- 
type  stain  near  front  face  of  No.  5 

Endurance  test 

14 

11.76 

107,  276 

81,018 

Test  rig  failure  caused  loss  of  lubrication. 

Narrow  teeth  No.  19,26,28,  and  29  cracked 


Test  No.  2  terminated 
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Test. Data — Phase  I,  Test  No.  3, 

Accumulated  Calculated  surface 
Time  cycles  stress  levels  (psi) 


(hr) 

(millions) 

Steel 

Titanium 

Condition  of  gear  teeth 

Break-in  schedule 

<1  0.14 

75,675 

57,152 

Nearly  all  teeth  of  narrow  gear  had  surface 

<1 

0. 42 

75,675 

57,152 

irregularities  near  the  edge  breaks  at  front  and 
rear  faces;  wide  gear  was  unchanged 

No  change 

1 

0.84 

75,675 

57,152 

Rust-type  stain  appeared  on  33  teeth  of  both  gears. 

2 

1.68 

82, 526 

62,326 

primarily  near  rear  face 

Initiated  scuffing  near  the  roots  of  narrow  teeth 

3 

2,  52 

89,426 

67,537 

No.  1,4,11,16,20,24,27,29,  and  31,  wide  gear 
satisfactory 

Surface  irregularities  readily  visible  on  narrow 

4 

3.36 

96,301 

72,729 

teeth  No.  5  through  17  and  32  through  36;  wide 
gear  unchanged 

Narrow  gear  relatively  unchanged,  scoring  is 

5 

4.  20 

103, 177 

77,922 

negligible;  wide  gear  unchanged 

Narrow  teeth  No.  5  and  28  showed  minor  spalling 

damage  to  working  surface  near  front  edge  break; 
surface  irregularities  on  all  other  teeth  except 
No.  6  and  33;  wide  gear  unchanged.  (See  Figure 
55  for  typical  gear  tooth  wear  pattern  after  4 
million  cycles. ) 

Endurance  test 

10  8.40  110,803  83,681  Fracture  of  narrow  teeth  No.  12  through  18;  see 

Figure  56.  (A  detailed  view  of  the  narrow  gear 
is  shown  in  Figure  57. ) 

Test  No.  3  terminated 


Test  Data — Phase  I,  Test  No.  4 


Small-scale  gears 


Accumulated 

Calculated  surface 

Time 

cycles 

stress  levels  (psi) 

(hr)  (millions) 

Break-in  schedule 

Steel 

Titanium 

Condition  of  gear  teeth 

<1 

0. 14 

74, 137 

55,990 

Excessive  tooth  wear  indicated 

<1 

0.42 

74, 137 

55,990 

Increased  wear  on  all  teeth 

1 

0.84 

74, 137 

55,990 

Increased  wear  on  all  teeth 

2 

1.68 

80,881 

61,084 

Increased  wear  on  all  teeth 

2.  5 

2. 10 

87,618 

66, 171 

Approx  507o  of  teeth  showed  misaligned  tooth  wear 
pattern 

Test  No.  4  terminated 

Note:  The  test  gears  were  reground  to  have  0.  005-in.  average  coating  thickness. 
When  shotpeened,  the  coating  came  off  in  the  nickel-rich  areas  of  the  tooth 
flanks;  the  gears  were  not  suitable  for  retesting. 

Test  Data — Phase  I,  Test  No.  5, 


Accumulated  Calculated  surface 


Time 

cycles 

stress  levels  (psi) 

(hr)  (millions) 

Break-in  schedule 

Steel 

Titanium 

Condition  of  gear  teeth 

:10 

0. 14 

74, 146 

55,997 

Narrow  teeth  No.  23  and  27  show  nicks  at  tips; 
wide  gear  unchanged 

:30 

0.  42 

74, 146 

55,997 

Narrow  teeth  Nc.  3,  23,  and  27  show  nicks  at 
tips;  wide  gear  unchanged 

1 

0. 84 

74, 146 

55,997 

Unchanged 

2 

1.63 

80,859 

61,067 

Narrow  tooth  No.  32  scored  at  tip;  wide  gear  un¬ 
changed 

3 

2.  32 

87,619 

66,172 

Narrow  tooth  No.  27  chipped  through  plate  at  OD 
for  two-thirds  face  widths  from  front  side;  wide 
gear  unchanged 

4 

3.36 

94,353 

71,260 

Narrow  teeth  No.  6,  27,  and  36  chipped  through 
plate  at  OD  one-third,  three-fourths,  and  two- 
thirds  of  face  width;  wide  gear  unchanged 

5 

4.  20 

101,092 

76,348 

Nari'ow  teeth  No.  8  and  32  chipped  through  plate 

at  OD  two-thirds  and  three-fourths  of  face  width; 
wide  gear  unchanged 


96 


Test  Data — Phase  I,  Test  No.  5,  (contd) 


Accumulated  Calculated  surface 


Time 

(hr) 

cycles 

(millions) 

stress  levels  (psi) 

Steel  Titanium 

Endurance  Test 

6 

114,583 

86, 537 

7 

— 

114, 583 

86, 537 

10 

— 

114, 583 

86,537 

11 

— 

134,793 

101,800 

13:30 

— 

134,793 

101,800 

16 

— 

134,793 

101,800 

17 

— 

153,236 

115,729 

« 

17:24 

173,228 

150,827 

Condition  of  gear  teeth 


Narrow  teeth  No.  1,  4,  5,  8,  8,  10,  27,  30,  32, 

33,  35,  and  36  had  broken  tips  through  iron  plate 
at  OD;  wide  gear  unchanged 
Length  and  width  of  tip  breakage  gradually  in¬ 
creasing;  wide  gear  unchanged 
Additional  broken  tips  on  narrow  teeth  No.  25  and 
34;  wide  teeth  No.  33  and  35  show  axial  cracks  near 
tip 

Narrow  gear  shows  wear  and  scoring  near  root  of 
some  teeth;  broken  tip  on  tooth  No.  35 
Additional  broken  tips  on  narrow  teeth  No.  2,  14, 
and  24 — also  increased  scoring  and  wear;  addi¬ 
tional  broken  tips  on  wide  teeth  No.  30  and  32 
Axial  crack  near  tip  of  narrow  tooth  No.  3,  no 
other  change;  wide  gear  unchanged 
Additional  broken  tips  on  narrow  teeth  No.  3,  11 
and  1? — also  approx  one-third  of  tooth  No.  36 
missing;  additional  broken  tips  on  wide  teeth  No. 

1,4, 5, 28,  and  29 

Complete  loss  of  narrow  tooth  No.  34  (root  fracture), 
additional  broken  tips  on  teeth  No.  9  and  16,  scoring 
ranged  between  6  and  34%;  wide  gear  relatively  un¬ 
changed 


Test  No.  5  terminated 
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Test  Data — Phase  II,  Test  No.  1, 


Time 

(hr) 

Accumulated 
cycles 
(  X  106) 

Hertz  stress  (psi) 

Steel  Titanium 

Condition  of  the  gear  teeth 

1 

0. 14 

79,430 

60,000 

Slight  burnishing  below  pitch  line  on  most  teeth, 
wear-in  pattern 

1 

0.84 

78,430 

60,000 

No  change 

2 

1.68 

79,430 

60,000 

Wear-in  pattern  slightly  more  pronounced,  no 
scuffing 

4 

3.36 

92,650 

70,000 

No  change 

6 

5. 04 

105,910 

80,000 

Wear-in  pattern  indicates  gome  misalignment  of 
gears;  test  terminated  before  any  observable 

damage  to  gear  teeth 
Test  Data - Phage  II,  Test  No.  2, 

Accumulated 

Time  cycles  Hertz  stress  (psi) 


(hr) 

(x  106) 

Steel 

Titanium 

Condition  of  the  ^ear  teeth 

1 

0.  14 

79,430 

60,000 

Slight  burnishing  below  pitch  line  on  most  teeth, 
normal  wear-in  pattern 

1 

0. 84 

79,430 

60,000 

No  change 

2 

1.68 

79,430 

60,000 

Wear-in  pattern  slightly  more  pronounced,  no 
scuffing 

4 

3.36 

92,650 

70,000 

No  change 

6 

5.  04 

105,910 

80,000 

Narrow  No.  7-19:  fretting  stains  no  change  in 
wear-in  pattern 

8 

6.72 

119, 155 

90, $5)0 

N  8-12,  15-17,  19,  20:  fretting  stains.  Indication 
of  light  scuffing  above  pitch  line  on  numerous 

teeth 

10 

8. 40 

132.385 

100,000 

N  4-20:  fretting  stains:  no  increase  in  scuffing 
patterns 

Endurance  Test 

12.5 

10.  50 

145,640 

110,000 

N  3-19:  fretting  stains;  N  6,  12,  15,  19:  axial  cracks 

above  pitch  line.  N  7:  plating  missing  from  tip  of 
tooth.  The  test  terminated  before  further  damage  to 
narrow  gear.  No  damage  observed  on  wide  gear 
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Test  Data — Phase  II,  Test  No.  3, 


Time 


Accumulated 
cycles 
„(X  106) 


Break-in  schedule 
L-l  0.14 


1  0.84 


2  1. 68 


4.  3. 36 


6  5.04 


8  6.72 


10  8  .*40 


Endurance 


12.3  10.33 


Hertz  stress  (psi) 
Steel  Titanium 

79,430  60,000 


79,430  60,000 


79,430  60,000 


92,650  70,000 


105,910  80,000 


119,155  90,000 


132,385  100,000 


145,640  110,000 


Condition  of  the  gear  teeth 


Narrow  No;  1:  small  pit  above  pitch  line,  right 
side.  Narrow  No.  9  -  12,  14,  18:  axial  cracks 
above  pitch  line.  Narrow  gear  14,  18:  fretting 
Stains 

N  1:  no  change 

N  4-14,  18:  axial  cracks  N3,  11,  12,  14,  15; 

fretting  stains 

N  1;  no  change 

N  4-14:  axial  cracks 

N  1-21:  fretting  stains 

N  11-15,  18,  19:  contact  in  root  area 

Nl:  no  change 

N  4-14,  17,  18:  axial  cracks 
N  3-7,  11,  13:  fretting  strains 
N  1;  no  change 
N  4-14:  axial  cracks 
N  1-14,  21-  fretting  stains 
N  1:  no  change 

N  4:  small  chip  of  plate  missing  from  right  margin 
above  pitch  line 
N  4-14:  axial  cracks 
N  1-14,  21:  fretting  stains 
N  1:  no  change 
N  4:  no  change 
N  4-14:  axial  cracks 
N  1-14,  21:  fretting  stains 


Test  terminated  because  of  loss  of  plating 
from  all  narrow  and  wide  teeth 
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Test  Data — Phase  HI,  Test  So.  1, 


Accumulated 
Time  cycles 
(Eg)  (X 1CP) 

<1  0. 14 

1  0.84 


Calculated  surface 
stress  levels  (psi) 
Steel  Tftatmm 

79,430  60,000 

79,430  60,000 


Condition  of  gear  teeth 
Some  burnishing  belorr  PD 

Test  gear  wandered  on  drive  shaft  alter  the  zero- 
torque  drive  shaft  not  backed  off.  Plating  on  gear 
teeth  appears  to  be  distressed,  but  not  con¬ 
sidered  to  be  scoffing  damage 


Test  Kb.  1  Terminated 


Test  Data — Phase  III,  Test  No.  2, 


Accamulated 
Time  cycles 
(hr?  ( X  IQS) 

0. 14 


Calculated  surface 
stress  levels  (psi) 
Steel  Titanium 

79,430  60,000 


Condition  of  gear  teeth 

Plate  cracked  on  four  teeth  after  the  zero-torque 
drive  shaft  nut  again  backed  off 


Test  No.  2  Terminated 


Test  Data - Phase  III,  Test  No.  3, 

Accumulated  Calculated  surface 


Time 

(hr) 

cycles 
(X  10s; 

stress  levels  (psi) 

Steel  Titanium 

Condition  of  gear  teeth 

<1 

0. 14 

79,430 

60,000 

Light  burnishing  below  PD 

<1 

0. 28 

79,430 

60,000 

No  change 

<1 

0.42 

79,430 

60,000 

No  change 

1 

0. 84 

79,430 

60,000 

No  change 

2 

1.68 

79,430 

60, 000 

No  change 

4 

3.36 

92,650 

70,000 

No  change 

6 

5.  C4 

105,910 

80,000 

No  change 

8 

6.72 

119,155 

90,000 

Nc.  change 

10.0 

8.40 

132,385 

100,000 

Teeth  8-13  show  initial  scuffing  (0.  6%) 

12.5 

10.  50 

145,640 

110,000 

Significant  scuffing  all  teeth;  heaviest  on  5,  7-12, 
21  (21%).  Test  oil  flow  increased  to  1600  ml/min, 
auxiliary  oil  cooler  installed 

13.7 

11.51 

145,640 

110,000 

Minor  scuffing  incresse  to  ,23%' 

100 


Test  Data - Phase  III,  Test  No.  3  . 


Accumulated  Calculated  surface 


Time 

cycles 

stress  levels  (psi) 

(hr) 

(X  10s) 

Steel 

Titanium 

Condition  of  teeth 

15.0 

12.60 

145,640 

110,000 

Minor  scuffing  increase  to  25% 

17.5 

14.70 

145,540 

110,000 

No  change 

20.0 

16.80 

145,640 

120,000 

Scuffing  increase  to  29%: 

21.2 

17.31 

153,375 

120,000 

Scuffing  increase  to  33 % 

22.5 

18.90 

153,875 

120,000 

No  change 

23.5 

19.74 

158,875 

120,000 

No  change 

25.0 

21.00 

153,875 

120,000 

Moderate  increase  in  scuffing  (35%) 

27.5 

23. 10 

153,875 

120,000 

Cracked  plating  on  tooth  No.  7.  Moderate  in- 

crease  in  scuffing  of  other  teeth  (40%) 


Test  suspended  briefly,  and  then -restarted  after  nondestructive  metallurgical 
examination. 

27.7  23.27 

29.2  24.53 

extensive  scuffing.  Average  scuffing  of  teeth  on 
test  gear  shows  sudden  increase  (75%) 


158.875  320,009  Cracked  plating  on  tooth  No.  7  shows  burnishing. 

No  increase  in  average  scuffing  rate  (40%) 

153.875  120,000  Cracked  platin'  on  tooth  No.  7  separated  along 

left  edge.  Face  of  mating  tooth  on  driven  gear 
shows  heavy  damage,  and  adjacent  teeth  show 


Test  No.  3  Terir  inated 


Test  Data — Phase  III,  Test  No.  4 


Time 

(hr) 

Accumulated 

cycles 
(X  106 

Calculated  surface 

stress  levels  (psi) 

Steel  Titanium 

Condition  of  gear  teeth 

<1 

0. 14 

79,430 

60,000 

Gear  teeth  were  honed  prior  to  lube  coating, 
Average  scuffing  was  5%  after  initial  run. 

<1 

0,42 

79,430 

60,000 

No  change 

1 

0.84 

79,430 

60,000 

No  change 

2 

1.68 

79,430 

60,000 

No  change 

4 

3.36 

92,650 

70,000 

No  change 

6 

5. 04 

105,910 

80,000 

No  change 

8 

6.72 

119,155 

90,000 

Average  scuffing  was  6 % 

10 

8.40 

132,.385 

100,000 

No  change 
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'Test  Dziz — Phase HI,  Test Ko.  4,  {case) 

1  1  1  '  £ 


Accumulated  Calcolazed  surface 
Time  cycles  stress  levels  (psi) 
(hr)  (X  10®}  Steel  Tftpufcm 


35  12.60  145,640  110,000 

19.5  16.33  145,640  110,060 


Test  No.  4  Terminated' 


* 

-*  Condition  of  gear  teeth 

No  change 

Testing  was  interrupted  when  the  instrumentation 
indicated  a  sodden  change  in  the  gear?  operation. 
Visoal  examination  revealed  that  the  test  gear  ; 
had  fractored  from  the  root  radius  between  teeth 
No.  6  &  7  to  the  root  radios  of ‘a  spline  at  the  gear 
hob  = 


Test  Data - Phase  in.  Test  No..  5 


Accumulated  Calculated  surface 


Time 

cycles 

stress  levels  (psi) 

»  S 

(hr) 

(X  106.) 

Steel 

Titanium 

Condition  of  gear  teeth 

<1 

0. 14 

79,430 

60,000 

.Gear  teeth  were  honed  prior  to  lube  coating. 

j  5 •  ^  2 

Average  scuffing  after  initial  run  was  25s 

<1 

0.42 

79,430 

60, COO 

No  change  . 

1 

C.  84 

79*430 

60,000 

No  change 

2 

1.68 

79,430 

60,000 

Average  scuffing  was  4% 

»  5  Z  * 

4 

3.  36 

92,650 

70,000 

No  change  1 

6 

5. 04 

105,-910 

. 80,000 

No  change 

8 

6. 72 

119, 155 

90,000  : 

No  change 

10 

8.40 

132,385 

100,000 

•Average  scuffing  was  5% 

12.5 

10.  50 

145,640 

110,000 

Average  scuffing  increase  to  9%  1 

20.0 

16.80 

145,640 

110,000 

Average  scuffing  was  11% 

21.7 

18. 19 

i58,875 

120,000 

T esting  was  interrupted  when  the  instrumentation 

:  indicated  a  sudden  change  in  gear  operation.  Visual 
examination  revealed  that  test  gear  tooth  No.  7  had 
fractured  from  the  gear.  The  broken  tooth  did  not 
appear  to  be  deformed.  The  average  scuff  rate  on- 
the  remaining  20  teeth  was  17% 

Test  No.  5  Terminated 
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Teas  Dteta — -Phase  M,  Test*  2So.  S 


Acemal2ie5  ChSccIafcifl  sss&ce 


Time 

(hr) 

_  cjdss 
,pCIG^) 

stress  levels  (an) 

Steel  Tfeoiwi 

Cccditicca  of  gear 

<1 

0.14 

73,430 

60,  COO 

Gear  teeth  were  honed  ana  Hack  oxide  coated;  no 

.Tribe  coal  was  anolied.  Gear  teeth  showed  onlv  some 

Fmrtw*;W!nr  sSf"-  -rrm 

.  1 

0.34 

79,430 

30,060 

&verag£  serffing  was  2?* 

2 

1.68 

79,430 

60,060 

Average  scsSSng  was  3> 

4 

3.3S 

92,650 

70.000 

No  change 

,  s 

5.04 

105,910 

30,000 

Average  sccfasg  was  45» 

.  3 

6.72 

119, 155 

90,000 

fiscal  examination  revealed  zaproxhnatelj 

255*  of  the  plate  on  the  face  of  2Co.  IS  teeth  «ss 
missing.  The  average  sccSeag  o?  the  ©Slier 
teeth  was  still  43* 


Test  So,  6  Terminated 
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